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MEMORANDUM
The accompanying dissertation - THE APPLICATION OF 
COMMUNICATION PRINCIPLES TO PULSE-WIDTH-MODULATED INVERTERS- 
is based on the work carried out by the author during fourteen 
months full-time research in the Engineering Laboratories of 
the University of Bristol between July,1973 and September, 
197^, and sixteen months part-time research in the Faculty 
of Science and Technology at the Gwent College of Higher 
Education, between September,1974 and July,1976.
All work and ideas are original unless otherwise 
acknowledged in the text or by reference. This work has not 
been submitted for another degree of the C.N.A.A., nor for 
the award of a degree or diploma at any other institution.
The main contributions that the author claims to have 
made to the subject of variable voltage/variable frequency 
inverters include:
1). An analysis of pulse modulation processes which concludes 
that the pulse-width-modulation process is best suited to   
inverters intended for cage rotor induction motor variable 
speed drives.
2). An investigation into prior-art harmonic elimination 
techniques which concludes that such techniques are only 
applicable to constant voltage/constant frequency inverters 
without incurring added power components and transformers.
3). Identification of the sampling process in prior-art 
inverters as natural sampling, which is a well known concept 
in communications engineering but which has not previously 
been referred to in power inverters.
Ci)
4). Theoretical and experimental investigations into 
natural sampled pulse-width-modulated inverters, which 
concluded that at low values of carrier frequency to 
modulating frequency ratio, undesirable harmonic distortion 
occurs.
5). The application of the concept of regular sampling to 
pulse-width-modulated inverter systems which proved to be 
entirely novel.
6). Theoretical and experimental investigation into regular 
sampled pulse-width-modulated systems, which concluded that 
regular sampling techniques eradicated the many undesirable 
features present in prior-art natural sampled pulse-width- 
modulated inverter systems.
7). The construction of a practical thyristor pulse-width- 
modulated inverter which incorporated regular sampling 
techniques in its control circuits at very little extra cost,
8). An experimental investigation into the harmonic spectra 
of the output voltage from the thyristor pulse-width- 
modulated inverter, which concluded that the incorporation 
of regular sampling techniques in the control circuits, 
significantly increases the usuable frequency range of the 




V = amplitude of pulse
T = periodic Time
t = t ime
N, n, m = integers
A = amplitude of wave
uj = angular frequency
<j> = phase angle
Jn = Bessel function of order n




Y = conduction angle
V(t), U(t),f(t) = functions of time
a = firing angle
Z = impedance
E = direct supply voltage
e = instantaneous values of time functions
v = instantaneous voltage
Suffices
c - pertaining to carrier wave
m - pertaining to modulating wave
s - pertaining to sampling
r - pertaining to repetition wave
a - pertaining to phase of 3-phase system
b - pertaining to phase of 3-phase system
c - pertaining to phase of 3-phase system
( • • • \ 111)
SUMMARY
The object of this dissertation is to show that 
communication principles may be usefully applied to pulse-width- 
modulated inverters to increase their useable frequency range, 
without increasing the switching frequency of the power devices.
The prior-art techniques of reducing harmonic distortion 
in pulse-width-modulated inverters is investigated,and it is 
shown that such techniques are mainly applicable to constant 
voltage/constant frequency inverters.
It is shown that the sampling process inherent in 
existing pulse-width-modulated inverters is natural sampling. 
The results of theoretical and experimental analysis shows that 
this sampling process is the cause of considerable unwanted 
harmonic distortion at low values of carrier frequency to 
modulating frequency ratio when operating in both the synchronous 
mode and asynchronous mode.
The concept of regular sampling which is common in 
communication engineering but which has not previously been 
used in power inverters, is applied to the pulse-width- 
modulation process, and it is shown that such techniques 
eradicate ; the many undesirable features introduced by natural 
sampling.
The construction of a practical thyristor pulse-width- 
modulated inverter whose control circuits incorporate regular 
sampling techniques is described. A harmonic spectral analysis 
of the output voltage waveforms from the power inverter*shows 
that the useable frequency range of the inverter is consider-ably 
increased by the application of regular sampling techniques to 
the control circuit, without increasing the switching frequency 
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This thesis is based upon the philosophy that frequency 
conversion whether in communication systems or in power 
electronic systems, can only be achieved by modulation. ' 
All frequency changers can therefore be identified as modulators, 
Although this philosophy has been fully exploited in the 
development of communication systems, there appears to be 
little evidence to suggest that it has influenced the 
development of power frequency converters. The possibility 
therefore existed, that the concepts and principles which 
have been used in the development of communications, could 
also be applied to power electronic converters. This cross- 
fertilization of ideas between communication technology and 
power technology, could therefore provide, the basis for 
analysis and improvement of existing power converters and the 
development of new power converters. This thesis investigates 
the application of communication techniques to existing and- 
new forms of pulse-modulated power electronic converters.
(1.2) The Need for Variable Frequency Supplies.
Much of the electrical energy produced at the present time 
is converted to mechanical energy for utilization. The 
energy conversion process is generally achieved by means of 
an electrical motor. Such motors are often, required to be 
variable speed, of high efficiency, mechanically robust and 
require little maintenance. Most of these requirements are 
met by the 3-phase, squirrel-cage induction motor, with the 
exception of the requirement for speed variation.
The method used to control the speed of a cage rotor 
induction motor depends very much upon the application. If 
the motor is driving a fan or pump for example, the speed
of the motor can be varied by varying the magnitude of the
( 2 } 
applied stator voltage only, ; whereas, if the motor is
required to have discrete changes in speed, pole-changing 
methods can be used. Applications which require variation 
of speed and control of torque are best achieved by 
variation of the magnitude and frequency of the applied 
stator voltage. It is into this class of application which 
most infinitely variable systems of cage rotor induction 
motor speed control fall.
(1.3) Variable-Frequency/Variable-Voltage Power 
Converters.
(1.3.1) Introduction
As a result of the introduction of the thyristor in the 
1950 T s and the present day cost of maintenance most electro/ 
mechanical rotary converters have been or are being replaced 
by static converters which employ semi-conductor devices 
such as the thyristor 5 Converters employing such sem- 
conductor devices can be made highly reliable and require no 
maintenance. Basically there are two types of thyristor 
power converter: the cycloconvertor and the d.c. link inverter.
(1.3.2) The Cycloconvertor
The cycloconvertor principle of operation is not new, in 
fact, it was used as early as 1930 in Germany for producing 
a 164 Hz. supply from a 50 Hz. supply for traction applications 
This particular application utilized multi-anode, steel tank
mercury arc rectifiers. The use of the cyclocnnvertor 
for the speed control of a single induction motor only 
became an economically attractive proposition as a result of 
the introduction of the thyristor. The cycloconvertor 
converts a.c. directly to a.c. and allows power flow in both 
directions. The frequency and magnitude of the output 
voltage can be varied, and commutation of the thyristors is 
inherent in the convertor.
(1.3.3) The d.c. link Inverter.
This method of converting a.c. to a.c. basically entails 
two processes: (1) the conversion of a.c. at one particular 
value of frequency and voltage to either a constant or 
variable d.c. voltage, and (2) the conversion of a d.c. voltage 
to a.c. of variable frequency and variable voltage. The 
process of converting d.c. to a.c. is known as inversion, 
and the convertor which achieves this process is known as an 
inverter. Inverters can be divided into two classes: those 
which rely upon the a.c. supply voltage to commutate the 
thyristors, and those which utilize circuit techniques to 
obtain forced commutation. It is normally the latter class 
of inverter which is applied to variable speed cage rotor 
induction motor drives.
(1.4) Infinitely-Variable Speed Control Systems 
The main requirement of an infinitely variable system of 
speed control which utilizes squirrel-cage induction motors, 
is that the magnitude and frequency of the output voltage 
applied to the stator windings, be independently variable over 
a wide range. This allows the torque-speed characteristic of
the induction motor to match any required load characteristic. 
It is also important that the overall efficiency of the power 
converter and induction motor remain above an acceptable 
level throughout the range of speed variation. These 
requirements are not easily met in practice. The 
cycloconvertor-squirrel-cage induction motor combination 
does not fulfil' these requirements for two reasons: (1) 
The upper limit of output frequency is approximately only 50% 
of the input supply frequency. Above this limit considerable 
harmonic distortion is introduced in the output waveform which 
can cause the induction motor to crawl. (2) The overall 
efficiency of the converter and induction motor falls off 
rapidly when the output frequency approaches or exceeds its 
upper limit. The range of output frequency variation has 
recently been increased by the application of communication 
techniques to the control circuit of the cycloconvertor. 
Although this new control technique has significantly 
increased the upper limit of output frequency, the combining 
of the cycloconvertor with an:off the shelf squirrel-cage 
induction motor does not satisfy the requirement of an 
infinitely variable system of speed control. Therefore, the 
conventional cycloconvertor-cage rotor induction motor speed 
control system, is only suitable for applications which have 
a restricted speed range.
Two new types of a.c, to a.c. power converter were recently
introduced, whose theory of operation is based entirely upon
(7)
the communication principles of amplitude modulation. These
new converters have a much wider range of output frequency
than the conventional cycloconvertor. The main disadvantages 
of the new converters are: (1) they require special machines 
which are more costly than the conventional cage rotor 
induction motor, and (2) the overall efficiency of the 
converter and motor falls off rapidly when the output 
frequency of the converter approaches that of the mains 
supply frequency.
The d.c. link inverter driving a squirrel-cage induction 
motor can be made to satisfy many of the requirements of an 
infinitely variable system of speed controls although many 
problems still remain to be solved. For example, varying 
tthe frequency of the output voltage from the inverter can 
cause a change in the harmonic distortion of the output 
waveform. Similarly, changing the magnitude of the output 
voltage can create commutation problems, if such a change is 
brought about by varying the d.c. link voltage to the inverter. 
Therefore, the inverter must be capable of maintaining low 
harmonic distortion of the output waveform when the frequency 
is varied, and provide a means of controlling the magnitude 
of the output voltage, whilst the d.c. link voltage to the 
inverter remains constant. The overall efficiency of the 
inverter and squirrel-cage induction motor must be maintained 
at as high a level as possible, throughout the entire range 
of speed. Although the squirrel-cage induction motor is 
considerably less costly than a d.c. motor of equivalent 
rating, the cost of the inverter which drives the induction 
motor can be considerably greater than the cost of the a.c. 
to d.c. converter which drives the d.c. motor. It is therefore
most important that the cost of the inverter and its control 
circuitry be maintained at as low a value as possible, if the 
inverter-induction motor drive system is to be competitive 
with the d.c. motor - a.c. to d.c. converter system. 
It was felt that the application of communication 
principles and concepts to thyristor power inverters might 
form the basis for an induction motor variable speed drive, 
which would satisfy the many requirements of &. viable 
infinitely-variable speed control system.
(2) THE FUNDAMENTAL THEORY OF PULSE MODULATED POWER 
CONVERTORS.
(2.1) Introduction
Pulse-modulation techniques have been used extensively
in communications for the transmission of information
/ o \ 
signals. It is only in the past decade that this form
of modulation has been applied to power converters. This 
has been brought about by the availability of high-power, 
fast switching transistors and thyristors. The conversion 
of d.c. to variable frequency a.c. which is commonly known 
as 'inversion', can only be achieved by pulse-modulation. 
It is therefore instructive to demonstrate that the 
communication principles of pulse-modulation apply to such 
power inverters.
(2.2) Principles of Modulation 
(2.2.1) Typ£s_of niodu^atior^
The unmodulated carrier-wave of a pulse-modulated system, 
is generally considered to consist of a series of regularly 
recurrent pulses. Such a waveform can be completely defined 
by three parameters. The three parameters are :
(1) The amplitude of the pulses, Vp.
(2) The duration between pulses, T.
(3) The duration of the pulses, to.
Normally the three parameters are constant. Modulation is 
the process of varying one or more of the three parameters, 
while the remaining parameters are held constant. Variation 
of the amplitude of the pulses while the duration between 
pulses and the duration of the pulses are held constant is
termed - 'amplitude-modulation'. When the amplitude and 
duration of the pulses are held constant, and the duration 
between the pulses is made to vary, 'pulse-position- 
modulation' is achieved. The variation of the duration or 
width of the pulses, while the amplitude of the pulses and 
duration between the pulses are held constant, is known as 
'pulse-width-modulation 1 . The above modulation processes 
are illustrated in the time domain in Pig.(2.1). Although 
pulse-modulation normally infers the variation of one 
parameter while the remaining two parameters are held 
constant, the possibility of simultaneously varying two 
of the three parameters or all three parameters cannot be 
ruled, out.
(2.2.2) The_Unmodulated_Pulse_Carrier_Wave 
The zero on the time-axis of the unmodulated pulse- 
carrier wave may be positioned as shown in Fig.(2.2) The 
carrier-wave can then be expressed by the following time
function:
m=<»
U(t) = k + k 7
where k = ~.
m k IT 
t
(2.2.3) Pul§e_Am2litude_Modulation_iP.A,Ml
This method of modulation basically entails the varying 
of the amplitude of the pulses according to the modulating 
signal, so that instead of the pulses having mit height, 
they have a height varying as V(t), where V(t) is the 
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V(t) = Am Cos(«mt + cj> m ) ——— (2.2)
then the process of amplitude modulation is given by:
m=«° 
V U = [ACosCca t + A )1 fk + k I Sin m k TT „
L m m m -I L mai m k TT ' Cos
= k A
k h y Sin mkir .., r, , \, . , i /•-,,> mm=i 2 m k TT Cos Ltac ± %)t ± y -(2.3)
This process is illustrated in both the time and frequency 
domains in ?ig.(2.3). It will be seen from equation(2.3) 
that the products of modulation are upper and lower side
bands of frequencies: (mu + w ) and (mu - w ) around thec m c m
carrier of frequency, to , and its harmonics, plus a remanentC
of the modulating wave of frequency, u> . The amount of 
modulating wave remaining, will depend on the magnitude of 
A . and the value of k.
(2.2.4) Pulse_Posit ion_Modulation_CPiPiM.) 
P. P.M. causes the pulses illustrated in Fig. (2. 2) to be 
displaced in time according to instantaneous values of the 
modulating wave, the height and duration of the pulses being 
maintained constant. The unmodulated pules which have a 
repetition period, T, and mid-time values at 0,T,2T,3T   , 
are described by the time function:
m=°°
U(t) = k t k I Sin m k TT t ——-(2.1) 
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If the pulse centre lines are varied in time according to 
the function:
T Am Cos ( %t + d, m )
and t' «T, then the pulse-position-modulated pulses are
(o) 
described by the time-function :
m=°°
f(t) = k+ 2k £ Sin m k TT 
m= i m k IT
T A m
Equation (2.4) can be further expanded in terms of Bessel 
functions as follows :
m =co 
f(t) = k + 2k I Sin m k TT {J (X)CQS maj
m k IT o c m=i
Jl (x) [Sin[eno) c - 03 m )t - 4» m] -Sin [(mo3 c 
J 2 (x) [Cos[CmoJc -2o)m )t -24» m]+Cos[(m^ c 
J 3 (x) [Sin[Cmo) c -3wm )t -34>J -Sin[(ma> c +3um )t 
-"--------------) ——— (2.5)
where x = 2irA nu m
Fig (2.4) illustrates the P.P.M process in both the time and 
frequency domains. Equation (2.5) illustrates that the 
products of modulation are the carrier signal and its
harmonics which have amplitudes of 2 Sin m_Jc_7r J,(x), and
m TT
side-bands around the carrier and its harmonics of
frequencies :mfw -co ) and m(oo + 03 ) and amplitudes ofc m c rn





























































































































































(2.5) does not contain a harmonic component of modulating 
frequency whose amplitude is proportional to the amplitude 
of the modulating wave. This suggest that no linear means 
of voltage control of the wanted harmonic component is 
provided.
(2.2.5) Pulse =Width=Modulat ion__(P ̂ W^MO
This method of modulation causes the widths of the pulses 
illustrated in Fig. (2. 2) to vary. The degree of variation 
in the width of each pulse, is dependent upon instantaneous 
values of the modulating wave. The three possible ways by 
which the duration of the pulses can be varied are:
(1) leading-edge fixed, trailing-edge varied,
(2) trailing-edge fixed, leading-edge varied,
(3) centre line of pulses fixed, both edges varied. 
These three methods of varying the widths of the pulses 
are used to define the type of pulse-width-modulation, and 
are illustrated in Fig. (2. 5)
(2.2.6) Trailing-Ed£e_Pulse-Width-Modulation
This particular form of P.W.M. causes the leading-edges 
of the pulses to be fixed, whilst the trailing-edges are 
modulated, the degree of modulation being dependent upon 
instantaneous values of the modulating wave. This process is 
illustrated in Fig. (2. 6). The unmodulated pulses of duration,
to, and repetition period, T> are described by the time
(10) function ' :
f(t) ; k * |cnfIilL|3j£Jl cos mV
m=i
2 nL.LjOsin mw t -——(2.6) 




















































































FIG.(2.5) TYPES OF PULSE WIDTH MODULATION



















OJ -o 3 c














































































































For this case one of the leading edges of the pulses, is 
chosen to coincide with zero time as illustrated in Fig. 
(2.6) If the duration of the pulses are varied according 
to the function:
To (l + AmCos(o3mt + <j) m ))     (2.7)
then the width modulated pulses are described by the 
function:
f (t) = k(l + A Cos(u) t + ()>)) m m m
1 i




, m=°° .. 
+ J I -D- ~ Cos 2 TT m k(l + A mCosCtomt + 4> m ) )] Sin mu c t
m=i
——— (2.8)
This function can also be described interms of Bessel 
functions as follows_:_
1 m ~ c°i-
f(t) = k(l + AmCos( Wmt + 4> m )) + ? I H (sin mw c t}
m=i
-.m^^n^ 00 -,
+ i V y ifj (2 m irk A )Sin(2 mir k + mr)jCosC(mo) ± nw ) t + TT L ^ m u n m — ^ IH
^-,
± y y ±fj (2 m TTk A )Cos(2 m TT k + n Tr)]Sin((IT L L in L n m — 2~ c
mco
± nw )t ± n 4> ) ---- (2.9) m m
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From equation (2.9), several interesting facts are apparent: 
the amplitude of the harmonic component of modulating 
frequency, is directly proportional to the amplitude of the 
modulating wave. No harmonics of the modulating wave are 
present. The amplitude of a harmonic of the carrier wave is 
inversely proportional to its order. It is of particular 
interest to note that if the mark/space ratio of the unmodulated 
pulse carrier-wave is made equal to 1:1, that is to say: k = \\ 
then only one of the two side-band terms exists for integer 
values of m and n. Therefore, for odd values of rri and n the 
side-band components Sin((mw ± nu )t ± 4> ) will exist with
(_/ 111 111
amplitudes of   J (2 m TT k A ), whereas, for even values of ^ m IT n m ' 3
m and n the side-band terms of Cos((mu ± nw )t ± <j> ) will 
exist, their amplitudes being given by:   J (2 m TT k A ).
This means that for all integer values of m and n, side-band
*  
frequency components of frequencies: (mw + nu ) and
O 111




For this p.w.m. process the trailing-edges of the pulses 
are fixed while the leading-edges are modulated. Fig.(2.7) 
illustrates this process in both the time and frequency 
domains. The time function which describes the modulation 
of the pulses can be determined from equation (2.9) by 
reversing the time scale; that is to say: substituting -t 












































































































































f(t) = Ml * Am -Co S ( Unt * »m )> -7 Iji-Sinm^.I
371=1
in— w ri—*»
tt I I m"tJ n (2 m ^ k Am )Sin(2 m u k + H_l)]cos ( (mu
m=i n=i c





7 I I ^[J n ( 2 m-nkA )Cos(2 m ir k + ~^))]Sin((mw
+ nwm )t - n<J> m ) --(2.10)
The amplitudes of the various components are the same as 
for trailing-edge modulation but the phase relationships are 
different.
(2.2.8) Double-Edge_Pulse-Width-Modulation
This form of modulation causes both edges of the pulses 
to be modulated. The instants in time at which the leading 
and trailing edges of each pulse occur, are dependent upon 
the respective instantaneous values of the modulating wave. 
This process is illustrated in Fig.(2.8). The unmodulated 
pulses of duration, t , with one pulse centred at t = o, 
can be described by the time function:
o m ~ co i 
f(t) = k + ~ I [^ Sin m TT k] Cos mo^t ———(2.11)
If the duration of the pulses are varied according to the 
function:



















































































































then the width-modulated pulses are described by the 
function:
f(t) = k(l + A Cos(co t m m
2 1
if E m {Sin m "" k c °s[m TT k A Cos(w t + 4, ) •]— m m m -'
+ Cos m TT k Sin [m TT k A mCos(umt + 4> m )j } Cos mu^t
———(2.13)
This function can also be described in its Bessel function 
form as follows:
f(t) = k(l + A GOS(OJ t + (J> ))m m ym '
u k Am')Sin m ^
I J n (rn TT k A m )Sin(m TT k + H-l) [Cos ( (mu 
n=i
nw ) t -;• n <J) ) m vm
)t - n<J> m )]} ——— (2.14)
This function shows that, for this case also, the amplitude 
of the harmonic component of modulating frequency is 
proportional to the amplitude of the modulating wave.
The second term gives the carrier component and its 
harmonics of frequency, m uj . The amplitude of the harmonics
O
of the carrier vrave are dependent upon the value of k.
23
If k - 1, (that is to say: the mark/space ratio of the 
unmodulated pulses is 1:1) then only odd harmonics of the 
carrier will be present.
The third term gives the side-band about the carrier,
whose frequencies are given by (mco + nco ) and (mco - nco ),
(-'Hi c m
The amplitude of the side -bands are once again dependent 
upon the value of k. If k = \ as before then for odd 
harmonics of the carrier only even order side-bands exist, 
and for even harmonics of the carrier only odd order side­ 
bands exist.
(2.2.9) Am2litude_Modulated_P i PiM._U iMi P i P iM)
This type of modulation employs a double modulation 
process. The p.p.m.wave is taken as the carrier, and is 
further amplitude modulated by a second modulating wave. 
It was shown in Section (2.2.4) that the p.p.m.output wave 
could be described by equation (2.4):
f(t) = k + 2™l Sin m k " Cos mco [t
m k TTm=i
AmCo3(a>mt
If this function is amplitude modulated by the time function
N / TV-I m TT1
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+ 2 k A» V P ln m k IT _ , . . _ m I ~m k TT c°s(.^t + ^icos mo> c [t
m=i
- T AmCos <V + *m >] ---(2.15)
This function can be described in terms of Bessel functions 
as follows:
f'Ct) = k A^ CosCoj^t + (j,')
J




- J 2 (x) Cos[(mto c ± 2o3m ± ^)t ± 24»m± 4>O
- J 3 Cx) Sin[(rruo c ± 3um ±^)t ± ^m ± *^] * —— } —— (2.16)
where x = 2ir A m. ni
Fig. (2. 9) illustrates this form of modulation in the time 
domain only. Equation (2.16) illustrates that amplitude 
modulation of the time function describing p. p .m. introduces 
the following frequency components:
(i) Harmonic of frequency, w^, and amplitude of,K A^. 
(ii) Side-band components of frequency, Crnw c ± u^), 
and amplitudes of, k A; — n m_ k T< J Q (x), around the carrier and
harmonics of the carrier
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FIG.(2.9) AMPLITUDE MODULATION OF A P.P.M. WAVE
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(iii) Double side-band components of frequency,
[(mu ± noo )± w'land amplitudes of k A 1 Sln n 1: ?. j ( x ) c m mj> m , n, m k TT
around the carrier and its harmonics.
By comparing equations (2.5) and (2.16) it becomes 
evident that the second modulation process considerably 
increases the harmonic content of the output modulated 
waveform. It may also be seen that no harmonic component 
exists, whose amplitude is proportional to the amplitude 
of the first modulating wave (A ). It is of particular 
interest to note that when the carrier frequency (00 )
O
is commensurable with the modulating frequencies to and to', 
harmonic component of frequency (to - to - to') can exist.
(_- 111 III
This component is of lower frequency than... w or w' . 
Therefore, the amplitude modulation of p.p.m could not be 
considered for a practical system.
(2 . 2 . 10 ) Amp_litude_Modulated_PiW_._M_.__^A iMiP_LWiM ) .
This particular type of double modulation basically entails 
the amplitude modulation of a p.w.m. carrier-wave. The 
double-edge pulse-width-modulated waveform was described in 
Section (2.2.8) by equation (2.13):
f(t) = k(l + Am Cos(tomt
in~ °°
+ - y -{Sin m k -IT Cos I'm k TrAm Cos((u t + <b )] •jr'-m ~ ni rnm -
m=i 
+ Cos m k TT Sin[m k ir A ffl Cos(o>mt + 4> m )]> Cos
Amplitude modulation cf this timo function by A^ Cos(w^t + 
gives:
27
f'.Ct) = A^ k CosCw^t + <t>^). (1 + Am CosCw t + <j» ))
2 A |m ~°° Cos(o3't + <i>') ni v- m Y m
m- 1 {Sin m k
 TT Cosfm k TT A Cos(co t + <j> )]mm ra J
+ Cos m k TT Sin[m k TT Am Cos(w t + <(»)]} Cos mw t --(2.17)
By means of trigonometric identities and Bessel functions 
this equation can be expressed in the following form:
f'Ct) = k A^ CosC^t + ^) + A A Cos[(% ±
± > f
A' m=~ ,
~ I i^J o (m u k V Sin m k ^ Cos £ (mu c * Wm )fc
., )
_21 Z Z -J(mTTkA) Sin(m k TT 71 m=in=i m n m
+ n_jT)Cos [(mco c ± to ^ , ± n um )t ± ^ ± n 4> m] —— (2.18)
The modulation process in the time domain is illustrated in 
Fig. (2. 10). Equation (2 . 18) illustrates a number of 
significant factors:
(i) A harmonic component corresponding to the second 
modulating wave of frequency (w') and amplitude (k A^) is 
introduced.
(ii) Side-band frequency components around the first
modulating frequency (o> ) of amplitude (A^ A^) and of
2 
frequencies (u. ± w') are introduced. It is of particular
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FIG.(2.10) AMPLITUDE MODULATION OF A P.W.M. WAVE
that the amplitude of the side-band components is proportional 
to the product of the amplitude of the first modulating wave 
and the amplitude of the second modulating wave. Therefore, 
if the amplitude (A^) and frequency (to 1 ) of the second
modulating wave are constant, the amplitude (A A') and
2 
frequency (tom ± u') can be directly controlled, by varying
the amplitude (Am ) and frequency (w ) of the first 
modulating wave.
(iii) The side-band frequency components of frequency, 
(mu ± to 1 ), around the carrier and its harmonics are 
eliminated for odd values of m when k = \ .
(iv) The carrier frequency (u ) and its harmonics of 
frequency}(m u> ), are complete eliminated from the output.
(v) The amplitude of the double side-band harmonic 
components of frequencies, (m 00 ± 00' ± n w ),is dependent
\*i 111 111
upon the value of k. When k = \ t the term:
Sin (m k TT + —^-- o,
when m and n both have odd integer values, or when m and n 
both have even integer values. Therefore, the double side­ 
band harmonic components of frequencies (m w o ± to' ± nto )
O III 111
are eliminated for these values of m and n.
(vi) If the carrier frequency (oo )is of the same orderc
as the modulating frequencies w and u' , a double side-band 
frequency component of frequency^ (o> c - ^ - to^), can exist 
which is of lower order than w or w^.
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( 2 • 3 ) Requirements of a Practical Pulse-Modulated 
Power-Convertor.
(2.3.1) Introduction• ^ ̂  ̂  — ̂  — «• — ̂
Because power frequency converters handle large amounts of 
power, it is of prime importance that the modulation process 
be efficient. If the losses are excessive, large amounts of 
energy in the form of heat, are dissipated and can pose a 
considerable practical problem. In communication practice, 
modulation is normally performed by linear devices such as 
valves and transistors. However, the necessary power 
dissipation in linear devices rises to unmangeable proportions 
when they are required to handle large amounts of energy in 
the linear mode. Therefore, any practical power modulator must 
employ a non-linear device which incurs low power losses.
(2.3.2) C^2i£§_2£_^2^ulat ion_Deyice
Pulse-modulated power-convertors require a modulating 
device which performs the operation of a switch. The choice 
of device basically lies between the thyristor and the power 
transistor. The factors which have greatest influence when 
comparing these two devices are as follows:
(i) The maximum reverse voltage that the device can 
block.
(ii) The maximum forward voltage that the device can 
block.
(iii) The forward current rating of the device.
•
(iv) The forward voltage drop at rated current.
(v) The characteristics of tha device in regard to 
turn-on power, turn-off power, and switching speed.
A comparison made between the thyristor and power 
transistor based upon the above five factors, suggested that 
the thyristor is most suited t,o power switching applications.
(2.3.3) The_Use_of _Thy_r:_ stors_a3_PuIse_Modulating 
Devices^
It is fundamental to the operation of pulse-modulated 
power converters, that pulses of both positive and negative 
polarity be modulated. A single thyristor can only modulate 
pulses of one polarity. Therefore, two thyristors and two 
d.c. supplies or four thyristors and one d.c. supply are 
necessary. Fig.(2.11) and (2.12) illustrates both types of 
power-modulator.
The two-thyristor and four-thyristor converter 
configurations are a common requirement in d.c. to variable 
frequency a.c. power control. The commutation of current 
from thyristors passing current through the load in one 
direction to thyristors passing current through the load in 
the reverse direction is generally brought about by the use 
of auxiliary circuits consisting of capacitors and inductors. 
The use of these auxiliary circuits is normally referred to 
in the literature as 'forced commutation'.
(2.3.4) F2£ced_Commutation.
The prime objective of a commutating circuit is to reduce 
the current flowing through a thyristor to zero, and hold the 
thyristor in a reverse biased state for a period of Lime, 
sufficient to allow the thyristor to regain itt forward 
blocking ability.
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(b) Waveforms And Trigger Points 






















Waveforms And Trigger Points 
FOUR-THYRISTOR/SiriGLE-D.C. SUPPLY PULSE CCNVEKTOR
in forced commutated converters is the series R.L.C circuit. 
(Fig.(2.13a)). If the circuit is underdamped, that is to
say: 1 > R 2 , then the current flowing in the circuit is
L.C. 4.L 2 
a damped sinusoid. This means that the voltage on the
capacitor also has a damped sinusoidal waveform. If a diode 
or thyristor is connected in the circuit as shown in Fig. 
(2.13b), then the voltage on the capacitor at instant in time, 
t£, is trapped. This voltage can be used to commutate a load- 
current-carrying thyristor, when used with auxiliary thyristors.
The normally closed switches shown in Fig.(2.11) can be 
replaced by a R.L.C. circuit and two thyristors. The 
modified circuit is known as a half-bridge circuit and is 
illustrated in Fig.(2.14). If thyristors T, and T^ are
-I- ^3.
initially switched-on, the capacitor C charges to approximately 
2V, (right hand plate + ve, left hand plate - ve) via: T,, C, 
L and T ? . Load current flows via: T n and load. Thyristor 
T0 is naturally commutated when the oscillatory current in
c- 2L
the R.L.C. circuit tries to reverse, but thyristor ^ continues 
to conduct load-current. When T, is turned-on, thyristor T I 
is reverse-biased by the voltage on the capacitor. After T^ 
has regained its forward blocking state, thyristor T 2 is 
turned-on. The capacitor then continues to charge (left hand 
plate + ve, right hand plate - ve) via: T^, L, C and T 2 to 
approximately 2V. The lo'id current reverses direction and 
flows via: T 2 and load, The thyristor Tla ceases to conduct 
when th3 oscillatory current in the R.L.C. circuit tries to 
reverse. T ? continues to conduct load-current until T2a is 
























(b) Series R.L.C. Circuit With Diode ?nd Waveforms














































(b) Waveforms and Trigger Points
FIG.(2.14). AUXILIARY IMPULSE COMMUTMED HALF-BRIDGE CIRCUIT
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output voltage. It is Important to note that thyristors 
TI and T2 or TI& and T2a must never conduct simultaneously, 
otherwise a short circut will occur across the d.c. supply 
lines. This short circuit condition is prevented in 
practice by inhibiting the firing pulses to the gates of the 
on-coming thyristors until the out-going thyristors have 
regained their forward blocking ability. The necessary 
inhibition and steering circuits required to prevent short 
circuits in the power modulator described, are presented in 
Section (6.2.3) of this thesis.
A combination of two half-bridge circuits of the type 
shown in Fig.(2.14), can be used to replace the normally 
closed switch shown in Fig.(2.12). This process is 
illustrated in Fig.(2.15). The resulting circuit is known 
as a full-bridge circuit. Polyphase circuits can similarly 
be built by using the half-bridge circuit as a building 
block.
(2.3.5) The_Need_for_Feedback_Dlodes.
It is essential to the operation of all pulse-modulated 
power converters when supplying an inductive load that an 
alternative path be provided for the load current during the 
commutation from the out-going thyristor to the on-coming 
thyristor. This is achieved by connecting feed-back diodes 
in inverse parallel with the load-current-carrying thyristor; 
The application of feed-back diodes to the half-bridge and 
full-bridge circuit is shown in Fig.(2.l6) 
Feed-back diodes offer the advantages of: 
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(b) Waveforms And Trigger Points















(b) Full-Bridge With Feedback Diodes




(ii) providing reverse power flow when the load is 
reactive or when the load is an induction motor which is 
'overhauling',
(iii) holding a.c. output voltage to an approximate 
rectangular waveform whose peak-value Is equal to the d.c. 
input voltage and is independent of the load power factor. 
(2.3.6)
from Modulator.
For any induction motor to produce its full rated torque, 
it is necessary that the magnetic flux produced in the iron 
core be maintained at its designed level for all operating 
speeds. This entails maintaining the relationship between 
voltage and frequency approximately linear. It is important 
to note that it is the voltage integral over one half-cycle 
that must be maintained proportional to the stator supply. 
frequency; the instantaneous voltage being of Jess 
consequence. This fact allows the design of pulse-modulated 
power-convertors which operate from either a constant d.c. 
supply voltage or from a variable source. 
(2.3.7) Freq.uency__Control.
A prime requirement of a practical pulse-modulated power- 
convertor Intended for an infinitely variable induction motor 
speed control system, is that the frequency of the output 
modulated waveform be inifinitely variable; that is to say: 
the period over which the output waveform repeats itself
must be linearly variable between the limits of infinity 
and some value greater than zero. This requirement is 
satisfied by controlling the firing sequence of the thyristors 
by means of a 'switching function'. The waveform of the 
'switching function' must be identical to the required 
output waveform from the pulse-modulated power-convertor 
so far as the time-scale is concerned, whereas, the amplitude 
of the waveform is only of significance when the power- 
convertor is of the amplitude modulated type. Therefore, the 
power-convertor is basically a power amplifier, where the 
input signal is generated by a light current modulator 
circuit and is known as the 'switching function'. The 
'switching function' control of the power-modulator for the 
p.w.m. and p.a.m. processes is illustrated in Fig.(2.17) 
and Fig.(2.18) respectively.
(2.3.8) Voltage_Control.
If the frequency of the a.c. supply to the stator of an 
induction motor is varied, then it is necessary for the 
magnitude of the stator voltage to be varied in direct 
proportion, if the torque produced by the motor is to remain 
constant (Section(2.3.6)). Therefore, a practical pulse- 
modulated power-ccnvertor supplying an induction motor must 
provide a means of voltage control for variable speed 
applications. Basically there are three methods by which 
this required voltage control can be achieved:
(i) control of voltage supplied to the power-convertor, 
(ii) control of voltage supplied by power-convertor, 
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(b) Waveforms And Trigger Points
















TI and T 2
Tri gger 
Points For
Tia and T 2 a
Trigger i 
Points p or
T 3 a and Ti, a
Trigger 
Points For 
T 3 and Ti»
Load
Voltage
- IX i "
• JZT.a STr. A". °,A VT, V
/ °^ L ,C. ^-° °-7^" 1. C.~









i i i i i t






(b) Waveforms And Trigger Poirits
FIG. (2. 18) SWITCHING FUNCTION CONTROL OF P.A.M. POWER
Method (i) entails the incorporation of either a phase 
controlled a.c. to d.c. converter or a d.c. to d.c. time- 
ration controlled converter in the supply to the pulse- 
modulated power-convertor. Both these systems involve: 
extra components, increased possibility of commutation
failure and increased harmonic distortion of the output
(5) waveform. J ' Method (ii) is achieved by means of a.c. voltage
regulation techniques which results in the use of extra 
components and transformers. This increases the cost and 
weight of the power-convertor. Method (iii) can be 
realized without requiring any extra components provided the 
type of modulation used is a p.w.m. process and not a p.a.m., 
process. Because as with method (i) the p.a.m. process 
requires variation of the supply voltage to the pulse- 
modulated power-convertor. By means of the p.w.m. process 
the half-cycle mean-value of voltage can be controlled by 
varying the area under the output voltage waveform. This is 
achieved by maintaining the supply voltage constant and 
varying the instants of conduction and commutation of the 
relevant thyristors in the power-convertor. Fig.(2.19) and 
(2.20) illustrates this process for conduction angles, y, 
of 120° and 160° respectively. The half-cycle mean-value of 
the load voltage illustrated in Figures (2.19) and (2.20), 
in terms of the conduction angle, y, is given by:
TT+y
V = - / 2 V.dCu t) = ¥-%- —— (2.19) 
mean TT TT + y *
2
wherees, the peak-valve of the fundamental component of the 
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_(b) Waveforms And Trigger Points 
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FIG. (2.20) F.W.M. CONTROL FOR COMDUCTIOM AJIGLE (y) OF 60°
Vpeak = ? fQ V Cos W t d(co t) = ^ 3i" | -——(2.20)
Therefore, it can be seen that the half-cycle mean-value and 
the peak-value of the fundamental component of the load 
voltage can both be varied by controlling the conduction 
angle, Y. The method by which voltage control is 
incorporated in the p.w.m. control circuit will be fully 
discussed in Chapter (6) of this thesis.
(2.4) Elimination of Unwanted_FrequencY Components A _
(2.4.1) Introduction.
In general, the output waveform from all pulse-modulators 
will contain unwanted frequency components which must be 
removed or suppressed. In telecommuncations practice this 
is generally achieved by filtering. Standard methods involving 
L.C. tuned circuits are not only impractical in power 
applications, because of the cost and size of the components, 
but also because they could not adequately discrimminate 
between wanted and unwanted frequency components. When the 
modulating frequency and carrier frequency are commensurable. 
lower and upper side-band frequency components are very close 
and the filter would be required to have an unrealistically 
sharp cut-off to satisfactorily block the unwanted frequency
Components without seriously attenuating the wanted frequency 
component.
There are many possible ways by which unwanted frequency 
components may be eliminated from the output waveform from 
a pulse-modulator. These methods may be generalized under 
the following:
(i) Control of the modulation process.
(ii) Modulation and summation by means of a transformer.
(iii) Modulation and cancellation by supplying a 3-phase,
3-wire load. 
(2.4.2) Control_of_the_ModulatIon Process.
The modulation process can be controlled by numerous 
methods, some of which will be discussed In this Section 
while more sophisticated methods will be discussed in 
Chapter (3) of this thesis.
(2.4.2.1) Use_of _a_Bigolar_Carrier_Wave .
It was shown in Section (2.2.2) that the unmodulated 
carrier wave consisted of a uniform train of unipolar pulses . 
If the carrier waveform is considered to be a uniform train 
of bipolar pulses as shown in Fig. (2. 2 1), then the harmonic 
content of the output modulated waveforms from the various 
modulation processes is significantly changed. The d.c. 
term in equation (2.1) reduces to zero when _jo , therefore
ip 2 i
the time function describing the unmodulated bipolar carrier 
wave is reduced to:
Ut( t ) = I I i sin ^ Cos m u c t ——— (2.21)I
m=i
The equation (2.3) describing the amplitude modulation 
process (P. A.M.) is modified as follovjs:
A m= °° 
V(t) U'(t) = ^ } I Sin ^ Cos [(m U Q ± ujti 4> m] --(2.22)
m~ i
It is immediately apparent that the harmonic component of 








components of frequency „ (mw ± to ), are also eliminated forc in
all even values of m. Therefore, if the wanted frequency 
component from the pulse modulator is of frequency, (id - to ),
W III
the harmonic distortion of the output waveform is considerably 
reduced.
The pulse-position-modulation (P. P.M.) process described 
by equation (2.5) is also considerably improved. This can be 
seen from the following equation:
m=co
ft(t) = i J i Sin 2LZ {j ( x ) Cos mo> tIT u m d o c
m=i 
+ J 1 (x) [Sin [(mo) c - wm)t - <J> m] - Sin[(mu c + tojt + <j>J]
- J 2 (x) [Cos [(muc - 2o)m )t -
- J 3 (x) [Sin [(mo) c - 3um )t - 3*m]- Sin[(mwc + 3oJm )t + 34> m]]
(2.23)
where again x = 2fr Am. Once again it may be seen that for 
all even values of m, all side-band frequency components of
frequency; (moo ± no) ), are eliminated. It may also be c rn
observed that the most dominant component of frequency, w .O
still exists. Since no harmonic component exists whose 
amplitude is directly proportional to the amplitude of the 
modulating wave (A ), this type of modulation could still not 
be considered for a practical pulse-modulation system.
The d.c. component in the output waveform from the leading-
51
edge, trailing-edge and double-edge p.w.m. process can be 
reduced and in some cases completely eradicated by the use of 
a bipolar carrier-wave. It is of particular interest to note 
that the harmonic components remain unchanged. The elimination 
of the d.c. component from the output wave will be discussed 
at greater length in Chapters (4), (5) and (6) of this thesis.
Significant improvement in the output waveform of the 
amplitude modulated p.p.m. wave described by equation (2.16) 
is achieved by means of a bipolar carrier wave. The term 
corresponding to the second modulating wave of frequency, u' ^ 
is eliminated. The harmonic terms of frequency,(mw ± u')
C/ 111
and (mu> ± nco ±u'),are completely removed for even values 
of m. It is again of particular interest to note that no 
harmonic component of modulating frequency^w f exists whose 
amplitude is proportional to A . This makes this particular 
form of modulation impractical for variable speed induction 
motor drives.
The process of amplitude modulating a p.w.m. wave is 
considerably improved by the use of a bipolar carrier wave. 
It may be seen from equation (2.18) that the term of 
frequency, w' , correspodning to the second modulating wave is 
completely eradicated. For k = g the components of frequency, 
(mto ± u'), are also eliminated. Similarly for even values 
of m and n the terms of frequency, (mwc ± w^ ± nw^are again 
removed. It may therefore be seen that when the term given by:
Vm
2
is considered to be rhe wanted term, its frequency ic given
AAby: ("ra + wrr^ ' or ("m ~ "m^ ' and its amPlitude by mm.
2
This term could provide the basis of a practical a.c. to 
a.c. speed control system, where the output frequency is 
controlled by varying wm and the amplitude by varying Am-. 
Am and ^m would be the amplitude and frequency of the mains 
supply which would be constant.
(2.4.2.2) Width_Control_of _the_Out£ut_Wavef orm
It was shown in Section (2.3.8) of this thesis that by 
controlling the conduction angle of the pulse-modulated power- 
convertor illustrated in Figures (2.19) and (2.20), the half- 
cycle mean-value and peak-value of the fundamental component 
of the output voltage waveform could be controlled. It will 
now be shown that this process also provides a means of 
controlling the harmonic content of the output waveform.
Consider the output voltage waveform illustrated in Fig. 
(2.22). By means of Fourier analysis it can be shown that 
the load voltage waveform is described by:
f(t) = Y — Sin m % Cos mojt ——— (2.24)L mtr 2 m=i
where it may be seen that the amplitude of the frequency 
components is a function of the conduction angle Y. This 
provides a means of controlling the harmonic distortion of 
the load voltage waveform. Firstly, it may be seen that for 
all even values of m, all even order harmonics are eliminated 
Therefore, the load voltage waveform only contains odd order 
harmonic components. Secondly, it may be seen that when y
is made euqal to 2-rr radius , the third harmonic component of
3








frequency, 3w , Is eliminated. Similarly, it may be seen that
when y equals 2ir radians the fifth harmonic component of
5 
frequency, 5w, is eradicated. In general, the mth harmonic
can be eliminated from the output waveform by making y = 2i\m~~ 
radians. The main disadvantage of this system of harmonic
elimination is that it is only suitable for applications 
where the magnitude of the output voltage from the pulse- 
modulated power converter is required to be constant. 
Otherwise voltage regulation techniques on the input or output 
side of the power-convertor would be required.
(2.^.2.3) Width_Control_of _Multi£le_Pulse
Selected harmonics can be eliminated from the output 
voltage waveform of a pulse-modulator by increasing the 
number of pulses per cycle of output. This method of 
harmonic elimination does not require any increase in the
/
number of power components. Consider the waveform illustrated 
in Fig. (2. 23). This waveform can be described by the 
following time function:
CO
f(t) = — y - Sin S2L[l - 2 Cos moti + 2 Cos ma 2 ]Cos m<f>Cos mo/a ^ ' L L ————————— - ———————————IT L m 2 m=
——— (2,25)
Once again it may be seen that odd harmonics only are present. 
in the output waveform, because for e^en values of m, the 
term: Sin ~- = 0. It may also be seen that hsr-mcnics can be 
eliminated by determining Values for rncxi and mcx 2 which makes 
the term:
























































































1-2 Cos mai + 2 Cos ma 2 = 0.
when cu= 23.62° and a 2 = 33.30° the 3rd and 5th harmonic terms 
are eliminated, whereas, when cti= 16.25° and ot 2 = 22.07° the 
5th and 7th harmonics are eliminated. Control of the magnitude 
of the output voltage is achieved by varying the phase angle, 
<j>. (Equation (2.2.5)).
Further development of this method of harmonic elimination 
has resulted in a system, which eradicates as many harmonic 
components from the output waveform as there are pulses per
f-\ 2\ 
half cycle of the output waveform. '
The main disadvantages of this form of harmonic elimination 
are as follows:
(i) The modulation process employed is not a true 
continuous pulse-width-modulation process. In fact it could 
be argued on a theoretical basis that the edges of the pulses 
in the output waveform are determined by a pulse-position 
process. This makes the control system for the thyristors 
in the pulse-modulated power-convertor very complex and 
rather costly.
(ii) The angles at which the leading and trailing edges 
of each pulse occur must be maintained for each cycle of the 
output waveform if the elimination of the selected harmonics 
is to be retained. This essentially restricts the application 
of such systems to constant-voltage constant-frequency 
applications.
(iii) It must not be forgotten (Section(2.3)) that the 
occurence of every pulse in one cycle of output waveform from 
the pulse-modulated power-convertor, requires two commutations.
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Therefore, the larger the number of pulses per cycle of output 
waveform, the greater is the commutation losses and the 
lower is the efficiency of the frequency conversion process.
(iv) When considering the harmonic distortion of a 
modulated waveform the complete elimination of say two 
selected harmonics can prove to be less beneficial than say 
the reduction of four harmonics for the same number of 
commutations in the power-convertor. This will be enlarged 
upon later in the thesis.
(2.4.2.4) Changing_the_Wavef orm_of _the
Harmonic elimination in pulse modulated power converters 
has been successfully achieved by using modulating waves which 
do not have a sinusoidal waveform. One such scheme employed 
a trapezoidal modulating waveform which is said to have 
reduced certain significant harmonic components. 
Although many schemes exist which use non-sinusoidal 
modulating waves, the main objective of these schemes has been 
to use a modulating wave which is easily generated by 
electronic means.
A novel technique which uses non-sinusoidal modulating 
waves for generating p.w.m. waveforms is discussed at length 
in Chapter (3) of this thesis. These new schemes have a 
very significant effect on the reducing of unwanted harmonic 
components.
^2 . 4 . 2o ) Increasing_the_Ratio_of ..Carrier-
The most significant unwanted harmonic components are the
somponents nearest the wanted component in the frequency 
domain. The difference in frequency between the wanted 
component (of frequency wm ) and the nearest unwanted component 
(of frequency (UG - um)) described by the equations: (2.3), 
(2.9), (2.10) and (2.14) can be increased by increasing the 
frequency ratio. This is also true for the double modulation 
process described by equation (2.18) where the unwanted
component is of frequency, (w - u' - to ), and the wantedc m m
component is of frequency, (o>m -co'). Therefore,, if the 
stator leakage impedance of an induction motor ^ 1 ^' is 
considered as a low-pass filter, its ability to block the 
unwanted component is enhanced by increasing the carrier to 
modulating frequency ratio. Although this technique has been 
used in a number of systems, J its major disadvantage is 
that it increases the number of commutations per cycle of 
output voltage as illustrated in Fig.(2.24). This reduces 
the efficiency of the frequency conversion process.
It is of particular interest to note at this point that 
the novel technique mentioned in Section (2.4.2.3) of 
this thesis which will be fully described in Chapter (3) has 
a similar reduction effect on the magnitude of the most 




The harmonic distortion of p.w.m. waveforms can be 
considerably reduced by combining the output ^.cd-jlated 





































































































































































phases of the modulating waves are displaced or the phases of 
the carrier waves are displaced. The combining of the two 
or more waveforms is achieved by means of a transformer as 
shown in Pig.(2.25)
It was shown in Section (2.2.8) that the double-edge p.w.m, 
process could be described by equation (2.14). Therefore, the 
equations describing the output waveforms from two such 
modulators, where the modulating waves are in phase but 
the carrier waves are displaced by 180° are as follows:
f(t) n = k + k A Cos u> t + - I -{ [J Cm TT k A )Sin m it klCos mw t 1 m m IT ^ m L o m •* c
m=i
n=0° 
+ I Jn (m IT k Am )Sin(m IT k + ~)[Cos(moJc + na>m )t
n=i 
+ Cos(mw - no) )t]> ———(2.26)
and f(t) 2 = k + k Am Cos
m=co
V ±{[j (M TT k A )Sin m IT k]Cos(nuo,t /i m l-o m' J c
m=i
n-«> 
I J (m TT k Am )Sin(m ir k
n=i
+ nu )t - mir) + Cos ((moo - nu )t - mr}]} ———(2.2?)
Ill Vx ill
The summation of the two time functions f-Ct), and f(t) 2
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+ f(t) 2 = 2 k + 2 k Am Cos (omt
m=«°
m IT k] [.Cos mw t + CosCmw t - imr)]
+ I Jn (m TT k Am )SinCm TT k + 2^)[CosCmu t + nw )t 
n=i t c m
Cos((mw c
n=oo
I J (m TT k A ) Sin (m IT k + 2!)[Cos(mu - nu_)t
Y\ ~ * ^ ^ £ C Hi
+ CosCCmco - ncoTri )t - mir)]} ———C2.28) c in
Now for odd values of m the term:
[Cos mw t + Cos(mo) t - imO] =0 c c
whereas for even values of m the term: 
Sin m TT k = 0
Therefore, the carrier of frequency,Cw ), and all its harmonics 
of frequency,Cmw ), cancel.
C
Similarly for odd values of m the term:
[Cos(mw + nw )t + Cos((mw c * num )t - miri] = 0
and
[Cos(mw - nw )t + CosCCmw - nwra i't - mir)] = 0 
For even values of m and even values of n the term: 
Sin(m ir k + 21) = 0
Hence it can be seen that the terms:
[Cos(mu c + nojm)t + Cos((mo)c + no»m )t - mr)]
and [Cos(mw - nw )t + Cos ((moo - nw )t - rnir)] o m Cm •*
only exist for even values m and odd values of n. 
Therefore, the time function described by equation (2.28) 
can be reduced to:
f(t) +.f(t) ? = 2k + 2 k A Cos w t-L ^ mm
m=o> n=oo
+ Z m ^ ^ J Cm ir k A )Sin(m IT k + ~ [CosCnio) + nw )t 
m=i n=i ^ cm
Cos((mw + nw )t - mir)} c in
+ I J Cm IT k A ) Sin(m IT k + ~.)[Cos(.mu - nw }t
^.^ ^ * *• **i £• \+ III
+ CosC(mu>c - num )t - rmr)]} ———(2.29)
It may therefore be seen that the displacing of the two 
carrier waves by 180° increases the magnitude of the 
component of frequency, u , by a factor of 2 and considerably 
decreases the harmonic distortion of the "output waveform. 
The main disadvantage of this method of harmonic elimination- 
is that it requires two modulators and one transformer per 
phase. This increases the number of components, weight and 
cost of the system which restricts its application to large 
capacity speed control systems which can justify the increase 
in cost of the added components and weight.
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It can similarly be shown that if the two modulating 
waves are displaced in time phase by 180°, and the modulated 
waves subtracted, then the resulting modulated waveform can 
be descirbed by the following time fuction:
f(t) 3 - f(t) 4 = k + k Am Cos wmt
m=oo
2 1 
— / —{ [J Cm TT k A )Sin m TT kjCos mw t
m=i m
n=oc« 
I J Cm IT k A )SinCm rr k + §1) [Cos
+ nw )t + CosCmco - nw )t}}
k - k A Cos(wmt -ir)
0 m~°° T
_ £ V i{[j Cm IT k A )Sin m TT kJCos mw tIT L m L o m J c
I J Cm TT k Am )Sin(m rr k + ^-) [Cos ( v..._ c 
n=i
+ nw )t + rnr) H CosC(mwo - nw )t - nrr)]} ———(2.30) m c ro
By the use of trigonometric identities this reduces to 
fCt) - f(t) 4 = 2k Am Cos umt
m=«> , n=°° nu
+ £ Y ±{\j (m TT k A )Sin(m TT k + ^-JlCosCmw + ""m 0̂ 
.J.-jn
- Cos n TT Cos (raw+ nw)t + Cos(mco C
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n IT Cos(mo>c - num )t]} ——— (2.31)
It can be seen from equation (2.31) that for this case the 
terms of frequency, (mu> c + nwm ) and (muQ - num ), all cancel 
for even values of n.
It may also- be seen that these terms cancel when both m and 
n have odd values. Therefore, harmonics of frequency,
(mui + nco ) and (mu - no> ), only exist for even values of cm c m 7
m and odd values of n as in the previous case. Similarly 
this system has the same disadvantages as the previous case. 
(2.4.4) Modulat ion_and_Cancellat ion_b^
The pulse-width modulation of the bi-polar carrier wave 
described by equation(2 .21) in Section' (2.4.2.1) by three 
sinusoidal modulating waves of equal amplitude and frequency 
but displaced in time-phase by 120 , provides the following 
three equations for the output modulated waveforms:
fl (t) = k Am Cos V5 + | f j|-{[J 0 Cm TT k Am)Sin m TT k
m=i
Jn (m TT k Am )Sin(m IT k + ni)[Cos(mw
)t + Cos(mwc - num )t]> ———(2.32)
f2 (t) = k
1 I i{[jQ (m TT k Am )Sin m TT k]Cos 
m=i
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+ I Jn (m IT k Am )Sin(m IT k + 
n— i
+ Cos((nuoc - nwm )t - )] } —— (2.33;
f3 (t) = k Am Cos(o>mt + |2L
T k A)Sin m IT k]Cos mw t£ y i{f
+ I Jn Cm TT k Am)Sin(m TT k + ~L) [CosC(mw
(mto c - ntom )t - )] } ——— (2.34)
These three time functions are representative of the output 
voltage between the points: (1), (2) and (3) and the neutral 
of the d.c. supply as shown in Fig. (2. 26). The phase voltage 
across the load can be determined in terms of the functions 
f..(t), fp(t) and f,(t) by means of Millmans Theory:




2nZL)]{[l - j cosS- 1 Cos *]
[Cos(mu + nu»_)t + Cos (raw - nw )t} *• c m o in
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From equations (2.35), (2.36) and (2.37) it may be seen that 
the voltage waveforms across each phase of the load does not
contain harmonic components of carrier frequency (w ) . Itc
iaay also be seen that for triple integer values of n 
(3,6,9.12, etc.,), side-band components of frequency 
+ nu>m ) and (mo> c - nwm)cancel, because the terms:
(1 - i cos - i cos H), (i Sin p + 1 Sin 
(Cos i - | - 1 COB 1), (Sin - 1 Sin
(Cos - i - i Cos S), and (Sin ™ - j Sin
equate to zero. Similarly the side-band components also 
cancel when m and n are both even and when m and n are both 
odd, because the term: Sin -^ + ~) = Q.
Therefore it is clear that the harmonic content of the 
voltage waveforms across each phase of the load, is 
considerably less than the harmonic content of the voltage 
waveforms which occur between the neutral of the d.c. supply 
and the output points (1), (2) and (3) of the converter 
shown in Fig. (2. 26). It is also of particular interest to 
note that the wanted harmonic components of frequency, u)m , 
form a balanced three-phase set. This is of "particular 
importance when the load is a 3-phase induction motor, because 
such motors requires a balanced 3-phase supply for stable 
operation.
(2.5) Int er iir-. Cone lus ions .
The fundamental rules of frequency changing have been 
established, and it has been shown that all power inverters 
are basically pulse modulators. The requirements of a
practical power modulator have been outlined, and a circuit 
configuration which satisfies many of these requirements 
has been presented. The various pulse modulation processes 
have been analysed, and it has been shown that the p.w.m. 
process is most suited to power modulators. A novel double 
modulation process has been presented and analysed 
(A.M.P.W.M) which could be of significant importance in the 
development of force commutated a.c to a.c power modulators. 
Existing harmonic elimination techniques have been analysed, 
and the disadvantages and implications of such systems have 
been exposed.
Since it has been shown that the p.w.m process is most 
suited to power modulators it is valuable to consider how 
the application of sophisticated telecommunication 
techniques, which have not previosuly been applied to p.w.m 
power converters, may be used to provide a viable system of 
infinitely variable speed control.
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(3) TH1E_GENERATION AND REALISATION OF P.W.M. WAVEFORMS
(3.1) Introduction
It is important to note that the time functions used to 
describe the single-edge and double-edge p.w.m,processes in 
Sections (2.2.6), (2.2.7) and (2.2.8) are only applicable 
to the modulation processes which occur in existing p.w.m. 
power converters. In fact the treatment of p.w.m.in Chapter 
(2) is general and does not entail a deep study of the 
continuous p.w.m. processes, nor does it identify concepts and 
phenomena which are common to communications practice, but 
which have not previosuly been identified in or applied to
p.w.m.power convertors.
(17) 
Basically, p.w.m. can be realised by analogue or
(~\ 8) digital means. The analogue method has proved to be more
acceptable than the digital method mainly because it requires 
less electronic components and circuit complexity. However, 
it is probable that in the future digital techniques will 
become more acceptable due to the introduction of 
micro electronic circuits and techniques. So far as this 
thesis is concerned it is the analogue method only which 
will be considered.
The generation of p.w.m.. waveforms by analogue means basically 
entails the comparing of a modulating wave with a sweep-wave 
or carrier wave. In prior-art p.w.m. power converter 
techniques, the carrier signal has mainly been of triangular 
waveform whereas the waveform of the modulating signal has 
taken many forms, some of which are as follows: triangular, 
sinusoidal, square and trapezoicial.° ( ^ Where quantized
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sinewaves have been generated by digital means, they have 
been filtered to convert them to smooth sir.ev.'aves. The 
choice of carrier wave and modulating wave which in turn 
determines the p. w.m. process, does not appear to be based 
on any underlying fundamental basis or theory. In fact the 
fundamental theory and practice which has been applied in 
communication systems has not been applied or referred to in 
existing p. w.m. power converter systems. Therefore, it was 
thought that the application of established communications 
concepts to p. w.m power converters could provide a basis 
for their design and possible improvement.
(3.2) The Choice of Carrier Waveform.
The choice of carrier waveform in communications practice 
has been based upon the requirement for linear modulation, 
that is to say: the width of the modulated pulses must be 
directly proportional to respective instantaneous values of 
the modulating wave. This process is demonstrated
•
graphically in Fig.C3.1) and may be proved mathematically 
as follows:
Let the linear sweep-wave or carrier wave
be represented by: em = a(t g - t Q ) , and the
modulating waveform by: em = AmCos a>mt .
The instant of intersection of the two waveforms is
then defined by: e = e ,in &
therefore, AmCos o>mt = a(t g - t Q )
and t s - t Q = ^m Cos a>mt s ——(3.1) 
Therefore, the time shift (t g - t Q ) of a given pulse edge 
is proportional to the instantaneous value of the 
















































































































of the modulated pulse is directly proportional to 
AmCoswmt at the instant of intersection of the two waves. 
It may therefore be seen that the law of linear pulse- 
width-modulation is satisfied when the carrier wave has 
a waveform which is a linear function of time. It is for 
this reason that the carrier wave (or sweep wave) chosen 
for the systems to be described in succeeding sections of 
this thesis will be linear functions of time. It is 
probably for this same reason that prior-art p.w.m power 
converter techniques have mainly used carrier waves which are 
linear functions of time.
(3-3) Modulation Depth or Modulation Index
This is defined as the ratio of the peak-value of the 
modulation wave to the peak-value of the carrier wave. It 
may be seen from the waveforms illustrated in Fig.(3.2) 
that when the modulation index is zero, the unmodulated 
output waveform consists of a uniform train of bi-polar 
pulses of the same frequency as the carrier wave (or sweep 
wave). It is important to note that it was this unmodulated 
bi-polar waveform which was taken as the carrier wave in the 
analysis presented in Section (2.4.2.1). It may also be seen 
that the modulation index defines the voltage-time area and 
its distortion over one cycle of the output modulated waveform. 
The greater the modulation index the larger is the effective 








































































































































































































































































































waveform. Therefore, the variation cf the modulating index 
provides a means of controlling the wanted component of the 
output waveform from the power modulator. Although the 
variation of the modulation index provides an ideal means of 
controlling the amplitude of the wanted component of the 
output waveform, it also changes the amount of harmonic 
distortion. Decreasing the modulation index can increase the 
percentage amplitude of harmonics of carrier frequency and 
multiples of the carrier frequency. This will be enlarged upon 
later in the thesis and it will be shown that a fixed carrier 
frequency p.w.m, power modulator does not suffer from this 
increase in harmonic distortion with decrease in modulation 
index when used for constant torque, cage rotor, induction 
motor drives.
(3.^) The Generation of Leading-Edge P.W.M»Waveforms
(17 ) The prior-art VJ" ; analogue technique of realising this type
of waveform, has mainly consisted of a direct comparison made 
between the carrier wave and modulating wave as illustrated 
in Fig.(3t3). It is immediately apparent that the trailing- 
edges of the pulses occur at discreet uniform intervals, 
whereas, the leading-edges are modulated, the amount of 
modulation being dependent upon respective instantaneous 
values of the modulating wave at the points of intersection 
between the carvier wave and modulating wave. It is 
important to note that points of intersection and switching 
instants are coincident.
(3.5) The Generation of Trailing-Edge P.W.M. Waveforms 
The existing"'" "method of generating trailing-edge p.w.m. 
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FIG. (3.4) TRAILIIiG-EDGE P.W.M.
It may be seen that the trailing-edges of the pulses are 
modulated by an amount, which is proportional to instantaneous 
values of the modulating wave, at respective points of 
intersection. Once again it may be seen that respective 
points of intersection and switching instants are again 
coincident. The unmodulated leading-edges of the pulses 
occur at uniformly spaced intervals which coincide with the 
respective vertical sides of the triangular carrier wave. 
(3.6) The Generation of Double-Edge P.W.M. Waveform 
This form of modulation has been achieved in prior-art'1"^ 
p.w.m. power converters by comparing the modulating wave with 
a carrier wave having two slopes. This process is illustrated 
in Fig.(3.5). It can be seen that both edges of the pulses 
are modulated about their mean positions (the positions 
corresponding to the negative apices of the carrier wave) by 
different amounts; the amount of modulation being dependent 
upon the respective instantaneous values of the modulating 
wave at the points of intersection. The degree of asymmetry 
of modulation is dependent upon the ratio of carrier frequency 
to modulating frequency. For very large frequency ratio's, 
the modulation of both edges of pulses about their mean 
positions becomes symmetrical; whereas, for low frequency 
ratio's the amount of modulation of both edges of each pulse 
becomes asymmetrical. The switching instants and points of 
intersection for the leading-edges and trailing-edges of 
respective pulses do not occur at uniform instants, but the 
switching instant and the point of intersection between the 
carrier wave and modulating wave for each pulse-edge still 
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FIG. (3.5) DOUBLE-EDGE P . V!
and points of intersection have always been coincident in 
existing p.w.m power convertors is of considerable 
significance, and wi]l be enlarged upon in Section (3.7).
(3*7) Identification of the Sampling Process in 
Existing P.W.M. Power Convertors.
In Sections (3.6), (3.5) and (3.4) of this thesis it has 
been shown that in all existing p.w.m. power convertors which 
employ the analogue method of generating p.w.m.waveforms or 
switching functions, the points of intersection between the 
carrier wave and modulating wave and respective switching 
instants of the p.w.m.waveform or switching waveform are 
always coincident. It was also shown in Section (3.2) that 
the width of the modulated pulses is directly proportional to 
the corresponding instantaneous values of the modulating wave 
at the points of intersection. It may therefore be said that 
the p.w.m.wave has been modulated according to discreet 
'samples' of the modulating wave, such that the width of the 
pulses reflect the information contained in respective
'samples'.
Although the concept of 'sampling' is well established in 
communications practice, it does not appear to have been 
identified in or applied to existing p.w.m. power convertors. 
It may be seen from Figures (3.5), (3.4) and (3-3) that 
•samples' (instantaneous values) of the modulating wave which 
occur at the instants of the natural intersection of the 
modulating wave and carrier wave coincide with the switching 
instants of the p.w.m .waveform* This process constitutes 
'natural sampling', which is a well known concept in 
communication theory and practice. Therefore, the sampling
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process in all existing p.w.m power converters can be identified 
as 'natural sampling'. It is also of particular interest to 
note: that in Figures (3.5), (3.1) and (.3.3) the sampling 
instants (points of intersection) do not occur at regular 
intervals. It will be shown later that a form of sampling 
exists in which the sampling instants do occur at regular 
intervals, and is known as 'regular sampling'. The 'regular 
sampling 1 process is also well known in telecommunications
/ o \ 
practice, but its application to p.w.m, power converters is
entirely novel. The application of 'regular sampling' 
techniques to p.w.m, power converters and the numerous 
advantages it has to offer, will be greatly enlarged upon in 
succeeding chapters of this thesis.
(3.8) The Generalised Sampling Theorem, 
Any sampling process must lie within the limitations of 
the 'generalised sampling theorem'. Before discussing the 
basic sampling theorem and one of its generalised versions, 
it is important that the concept of a 'sample' be clearly 
defined: "A sample is a measure of the amplitude of a signal, 
evaluated over a short period of time during which the signal
( Q \
changes by only a negligible amount".
The basic sampling theorem stems from the work of Nyquist 
on telegraph theory and can be stated as follows: "If a signal 
that is a magnitude-time function is sampled instantaneously 
at regular intervals and at a rate slightly higher than twice 
the highest pignificant signal frequency, the samples contain
(all of the information of the original signal". This
statement implies that the signal must be sampled at regular
or uniform instants and therefore, does not apply to the 
natural sampling process. The basic sampling theory was 
extended by Counchy, Yen, Yao and Thomas to include uniform
and non-uniform sampling and is now known as the generalised
(«)
sampling theorem. This theorem states that: "If a signal
is band limited and if the time interval is divided into
equal parts forming sub-intervals (T ) such that T is lessc c
than half the period (Tm ) of the highest significant frequency 
component of the signal; and if one instantaneous
sample is taken from each sub-interval in any manner; then a 
knowledge of the instantaneous magnitude of each sampled plus 
a knowledge of the time within each sub-interval at which a 
sample is taken contains all the information of the original 
signal" /21i
In the case of p.w.m the signal referred to in the 
generalised sampling theorem would be the modulating wave 
and the sample taken in the sampling interval, T , wouldC
modulate the pulse occuring in the same sampling interval. 
Although "the generalised sampling theorem has been applied 
extensively to communication systems it does not appear to 
have been applied to p.w.m. power converters . This point is 
of particular interest since the limitations of the sampling 
theorem, which' will be discussed fully in the next Section, 
are of more relevance to p.w.m. power converters than 
communication systems. This is because the ratio of carrier 
frequency to modulating frequency is generally much lower in 




It is essential to the natural sampling process in p.w.m. 
power convertors that only one intersection between the 
carrier wave and modulating wave occurs during the sampling 
period, TQ , referred to in the generalised sampling theorem 
and illustrated in Fig.(3.6). Otherwise the frequency of 
the pulses in the modulated wave will be greater than the 
carrier frequency. Such a condition would pose considerable 
practical problems to the design of the power converter, 
because the upper limit of frequency operation of the power 
converter (so far as the commutating circuit is concerned) 
is nearly always chosen according to the lowest value of 
frequency ratio and the highest value of wanted output 
frequency. For the single-edge p.w.m. process illustrated in 
Fig.(3.6) the condition for one intersection between the carric 
wave and modulating wave in one sampling period, T . is that
\r>
the slope of the carrier wave must be greater than the maximum 
slope pf the modulating wave, which means:
, r w to w -,
Now the condition imposed by the sampling theorem is given by:
rr < r1 or {"m < 2(0 c — C3 - 3)"me
Therefore, the question arises as to how must ^~ must be
m 
less than — , for it can be seen from equation (3-2) that
J- O
when the modulation index is unity (that is to say:
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FIG.(3. 6) LIMITATION 
APPLIED TO 
PROCESS.
OF THE GENERALISED 
THE NATURAL SAMPLE
SAMPLING THE OR EH 
SINGLE- EDGE P.U
i Peak-value of carrisr wave .. . ,,
1 Peak-value of modulating wave = 1} the required sampling rate
rises to IT per cycle of the modulating wave which is greater 
than the Nyquist rate of 2. It may also be seen from equation
O
(3.2) that for values of V < -, a sampling rate lower than 
the Nyquist rate is implied. Therefore, for the single-edge 
natural sampled p.w.m process it can be concluded that the 
required sampling rate is dependent upon the modulation index, 
and the sampling theorem only applies for the condition V = -.
With the aid of Fig. (3. 7) it can similarly be proved that 
for natural sampled double-edge p.w.m. the condition for one 
intersection between the carrier wave and modulating wave
per sampling period, T ., is:s
o i,_H < 2 or _m < U ——— (
to rrV a) irV Nc s
where w = 2co
S C
Therefore, for a modulation index of unity the sampling rate 
must be greater than \ per cycle of the modulating wave. In
Q
fact for all values of V less than — , a lower sampling rate 
than the Nyquist rate is implied.
From the above discussion it can be concluded that the 
double-edge natural sampled p.w.m. process requires a lower 
sampling rate than the single-edge natural sampled p.w.m. 
method for al] values of modulation index. This allows the 
double-edge p.w.m. process to operate at lower frequency ratio's 
than the single-edge system without contravening the condition 
for intersection of tha modulating wave and carrier wave. It 
is appropriate at this point to note that the limitations of
88
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FIG. (3.7) LIMITATION OF THE OENERALI SF.D SAMPLING THEOREM 
APPLIED TO THE NATURAL SAMPLED DOUBLE-EDGE 
P.W.M. PROCESS
the sampling theorem and the conditions for intersection 
of the two waveforms have not been applied to existing p.w.m. 
power converters, nor referred to in the literature available 
on such converters.
(3.9) Regular Sampling.
This particular.type of sampling has been widely used in 
communication systems but has not previously been applied to 
p.w.m.power converters. The reasons for its wide acceptance 
in. communications are not clearly defined, the literature 
available suggest that its acceptance might have been 
influenced by two factors: (i) it satisfies the basic 
sampling theorem and (ii) it is argued that it provides an 
improved signal to noise ratio when compared with natural 
sampling. Therefore, it was thought that the application of 
regular sampling techniques to p.w.m. power converters might 
provide a means of improving the harmonic spectra. The 
application of the regular sampling process to the generation 
of p.w.m. waveforms, basically entails the sampling of the 
modulating wave prior to comparison with the carrier wave 
(Fig.(3.8)). Samples of the modulating wave are taken at 
regular intervals by means of the sampling switch, and are then 
held constant over the sampling period by storing the samples 
on a capacitor. This converts the modulating wave to its 
regular sampled version which is then compared with the 
carrier wave to produce the switching instants of the width 
modulated pulses. It may be seen from Fig.(3.8a) that the 
generation of the regular sampled modulating wave is achieved 
at a cost of only four extra components. This point is of
90
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considerable significance since the capital cost of the p.w.m. 
converter must be kept to a minimum if it is to compete with 
prior-art systems.
It was therefore felt to be appropriate at this point to 
demonstrate the various methods by which p.w.m could be 
achieved by means of the regular sampling process, and to 
consider the limitations of this process at low values of 
-frequency ratio.
(3.9.1)
The analogue method of generating leading-edge p.w.m. 
waveforms is illustrated graphically in Pig. (3. 9). The 
sinusoidal modulating wave is sampled at regular intervals 
corresponding with the vertical sides of each cycle of the 
triangular carrier wave. It may also be seen that the 
trailing-edges of the pulses occur at these same regular 
instants. The samples of the modulating wave are held constant 
over their respective sampling periods, the sampling period 
in each case being constant. The switching instants for the 
leading-edges of the modulated pulses, are defined by the 
points of intersection between the carrier wave and regular 
sampled modulating wave. It is of particular interest to 
notice that the respective sampling instants and switching 
instants for the leading-edges of the pulses are displaced in 
time-phase. In fact the switching instants lag the 
corresponding sampling instants. When the leading-edge. 
regular sampled p.w.m. waveform illustrated in Pig. (3. 9) is 
compared with the leading-edge, natural sampled p.w.m. 
































































































that the waveforms are different. Therefore, the harmonic 
spectra for the two waveforms must also be different. It 
will be shown in Chapters (4) and (5) that the harmonic 
spectra for the regular sampled wave is greatly superior to 
that for the natural sampled wave so far as induction motor 
drives operating at low frequency ratio's are concerned. 
(.3.9.2) Regular_Sam2led_Trailing=Edge_PiW,LM
It can be seen from Fig. (3.10) that the respective 
sampling instants and switching instants for the trailing-edges 
of the pulses are again displaced in time phase, whereas, for 
all the natural sampled p.w.m processes they were coincident. 
The leading-edges of the width modulated pulses occur at 
uniform intervals fixed by the carrier, wave frequency. By 
comparing the p.w.m. waveform illustrated in Fig. (3. 10) with 
the natural sampled waveform illustrated in Fig. (3. 4) it can 
again be seen that the waveforms are different. The degree 
of superiority of the regular sampled system over the natural 
sampled system will be fully described in Chapters (4) and (5). 
C3-9-3) 5§
With this form of modulation both edges of the width 
modulated pulses are modulated by the same amount about their 
mean-positions. In Fig. (3-11) the mean-positions of the 
pulses coincide with the negative peaks of the triangular 
carrier wave. It may also be seen that for this method of 
modulation, the modulating wave is sampled once per cycle of 
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(b) llodulatior. Process 
FIG. (3. 10) REGULAR SAMPLED RAILING-EDGE MOD'.'
apices of the isoceles-triarigular carrier wave, each sample 
again being held constant over its respective sampling period. 
The intersections between each sample and the positive and 
negative slopes of respective cycles of the carrier wave 
provide the switching instants f.or both edges of the width- 
modulated-pulses. By comparing the p. w.m. waveform illustrated 
in Fig. (3. 11) with the natural sampled double-edge waveform 
illustrated in Fig. (3. 5), it can again be seen that the 
waveforms are different. It will be shown in Chapter (5) that 
this particular type of modulation is very superior in 
reducing the amplitude of unwanted low frequency harmonic 
components when the ratio of carrier frequency to modulating 
frequency is also low. It will similarly be shown that this 
type of modulation increases the amplitude of unwanted high 
frequency harmonic components and may also introduce unbalance 
problems. This will be discussed at length in Chapters (4) 
and (5).
It is important to note at this point that should the 
symmetry of the carrier wave be changed such that its wavefonm 
ceases to be an isoceles triangle, the sampling process still 
remains regular, although the modulation becomes asymmetrical. 
Therefore, varying the symmetry of the carrier wave, provides 
an extra degree of control over the pulse-width-modulation 
process, and yet maintains the regular sampling.
(3 . 9 c '4 ) Regular_Samp_led_As^rnm3trical;Double-
Although there are numerous forms of asymmetrical double- 
edge modulation, many of which have been described in Sections 
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FIG. (3.11) REGULAR SAMPLING SYMMETRICAL D ̂ ' 3L £- ZTGE
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throughout this thesis as 'asymmetrical' is dependent upon 
regular sampling at twice the carrier frequency and the 
comparison of the regular sampled modulating wave with an 
isoceles triangular carrier wave. This type of pulse-width- 
modulation is illustrated in Pig.. (3.12), and it is immediately 
apparent that both edges of the width-modulated-pulses are 
modulated by different amount. The amount of modulation of 
both edges of each pulse is dependent upon the magnitude 'of 
the respective adjacent samples taken at regular intervals 
corresponding to the positive and negative apices of the 
isoceles-triangular carrier wave. It may also be seen that 
a time-phase displacement again exists between the sampling 
instants and switching instants. When the p.w.m waveform 
illustrated in Fig.(3.12) is compared with the double-edge 
modulated waveforms illustrated in Figures (3-11) and (3.5) 
it is apparent that the waveforms are again different. It 
will be shown in Chapters (4) and (5) of this thesis that 
this regular sampled asymmetrical-double-edge p.w.m.process 
which is entirely novel, is far superior to existing p.w.m. 
processes in power converters.
(3.9-5) Limitations_of_the_Resular_Sam2ling 
Process_in_P_._W_._M_.__Sy_s terns
It is essential to the analogue method of generating pulse- 
width-modulated waveforms, that only one pulse per cycle of 
the carrier wave occurs (for the reasons described in Section 
(3.8.1.) of this thesis). For this condition to be satisfied 
two requirements must be met: (i) each slope of the carrier 
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of the modulating wave and (ii) the modulating wave must be 
sampled at a rate greater than twice the frequency of the 
modulating wave when the wave is a sinusoid. Therefore, when 
the modulating wave is sampled at the carrier frequency or at 
a multiple of the carrier frequency the above requirements 
impose limitations on the minimum value of the ratio of 
carrier frequency to modulating frequency. It may be seen from 
Figures (3.9), (3.10) and (3.11) that for regular sampled single- 
edge modulation and symmetrical-double-edge modulation, the
minimum value of frequency ratio must be greater than'two'
fc
OB— > 2), whereas for asymmetrical-double-edge modulation, the 
m
minimum value of frequency ratio must be greater than'one'
f 
O^r- > 1). Therefore, on account of the requirements of the
m 
regular sampled p.w.nu process alone, it is apparent that the
asymmetrical -double-edge system is superior when.the main 
objective is to operate with a frequency ratio as low as 
possible. It will also be shown later that the asymmetrical- 
double-edge system provides a means of cancelling significant 
unwanted harmonic and d.c. components in the spectra of the 
output modulated waveforms.
(3.10) Interim Conclusions
The realisation of p.w.m, waveforms by analogue means has 
been presented. The concept of sampling has been introduced 
and the sampling process in all prior-art p.w.m,power 
converters has been identified as 'natural sampling' which is 
a well known process in communications practice. The 
generalised sampling theorem was discussed and its limitations 
when applied to the natural sampled p.w.m process were exposed.
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It was shown that the voltage-time-integral of the output 
modulated voltage from the power modulator could be controlled 
by varying the modulation index (or amplitude of the modulating 
wave in the control circuit), which is an essential requirement 
for inifinitely variable induction motor speed control systems. 
'Regular sampling 1 was introduced and it was shown that 
regular sampled p.w.m. can be achieved at an added cost of only 
four components. It was also shewn that the regular sampled, 
asymmetrical-double-edge system allows the ratio of carrier 
frequency to modulating frequency to approach unity, whereas, 
for the regular sampled single-e'dge and symmetrical-double- 
edge systems the frequency ratio can only theoretically 
approach * two'.
The use of the regular sampling process for reducing and 
eliminating significant unwanted harmonic components will be 
enlarged upon in bhe succeeding two chapters of this thesis.
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(4) IMPROVEMENTS IN THE P.W.M. POWER CONVERTOR WHEN 
OPERATING IN THE SYNCHRONISED MODE.
(4.1) Introduction
Although p.w.m. can be achieved by numerous methods, seven 
of which have been described in Chapter (3) of this thesis, 
there are only two possible modes of operation so far as the 
comparison of the carrier wave with the modulating wave is 
concerned. The carrier wave and modulating wave are either 
'synchronous 1 or'asynchronous'. Synchronous operation allows 
the ratio of carrier frequency to modulating frequency to 
take integer values only, whereas, asyncrhonous operation 
allows the frequency ratio to be infinitely variable. The 
choice of mode has a significant bearing on the frequency 
spectrum of the output p.w.m.waveform. This chapter will deal 
with the synchronous-mode only, whereas, Chapter (5) will be 
entirely devoted to the asynchronous-mode of operation.
(4.2) Prior-art P.W.M Systems
Almost all prior-art p.w.m. power inverter systems have
(21 ̂ operated on integer ratio's only. ' Since integer ratio
operation can only be achieved by synchronising the carrier 
wave with the modulating wave or by synchronising the 'chops' 
or 'pulses' in the p.w.m, output waveform with some reference 
wave/ 22 ^such systems fall into the synchronised-mode of
operation.
It was shown in Chapter (3), Section (3.7), that the 
sampling process in existing analogue p.w.m, control schemes is 
natural sampling. It is said in the literature (21) that such 
systems of control have many disadvantages:
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(i) Considerable harmonic distortion occurs in the 
output p. w.m. voltage waveform when the ratio of carrier 
frequency to modulating frequency is low.
(ii) Amplitude and phase unbalance of the fundamental 
components of the output p. w.m. waveforms in a three-phase 
system can occur.
(iii) B.C. components can exist in the harmonic spectra of 
the output p. w.m. voltage waveform.
It was therefore decided to investigate the operation of 
the three natural sampled prior-art control schemes presented 
in Sections: (3.4), (3.5) and (3.6) of Chapter (3), with the 
aim of establishing relationships between the above 
disadvantages and the ratio of carrier frequency to modulating 
frequency.
(4.2.1) Anal^t ical_Invest igat ion_Int o_Natural
erns
The three natural sampled systems described in Chapter (3) 
were numerically synthesised by means of a digital computer. 
The details of the computer programs developed for this purpose 3 
are described in Appendix ( 1 ) of this thesis. The reason for 
the choice of numerical synthesisation rather than time-domain 
analysis Is basically because the production of time-functions 
which describe harmonic spectra for p .w.nu waveforms, becomes 
very tedious and time consuming. However, it may be of interest 
to note that time-functions can be produced for all of the
p. w.m. process described in Chapter (3) by means of a Double-
( 8 ) 
Fourier-Series technique.
It Is important to note at this point that the three natural
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sampled p.w.m. waveforms described in Chapter (3) are for 
single-phase operation only. Three phase operation is achieved 
by comparing three sinusoidal modulating waves of equal 
amplitude but displased in time-phase by 120° and -120° 
respectively, with a single-phase carrier wave, where the 
carrier wave and modulating waves are synchronised in time- 
phase. The reason for comparing the three-phase modulating 
waves with a single-phase carrier wave rather than with three- 
phase carrier waves is that harmonic components of carrier
frequency and multiples of the carrier frequency are said to
(21) cancel in three-phase, three-wire systems. This will become
more apparent in the succeeding sections of this chapter. 
(4.2.1.1) Details_of _Corn£Uted_Harmonic 
Sgectra
The switching instants of the natural sampled p.w.m. control 
waveforms coincide with the instantaneous points of 
intersection between the carrier wave and respective modulating 
waves as described in Chapter (3). The switching instants of 
of the three-phase.p.w.m.control waveforms resulting from the 
natural sampled trailing-sdge, leading-edge and double-edge 
p.w.m. processes are also representative of the output voltage 
waveforms between each LINE and D.C. NEUTRAL of the power 
converter shown in Fig.(4.1) when the power converter is 
controlled by ench of the three p.w.IK control schemes. The 
method by which a p.w.m.control signal is made to drive the 
power converter will be fully described in Charter (6), however, 
at this point in the analysis it was thought sufficient to 
































































































































































are identical to the respective p.w.m,control signals so far 
as the switching instants are concerned. Therefore, the 
computed harmonic spectra are directly related to the output 
voltage waveforms of the converter shown in Pig.(4.1).
The LINE (A) to D.C. NEUTRAL voltage illustrated in Fig.
(4.1) is taken as the reference so far as the computation of 
harmonic spectra for each LINE((A),(B) and (C)), to D.C.NEUTRAL 
voltage is concerned. This means that every harmonic 
component for each of the above mentioned waveforms, is"divided 
by the wanted component of the LINE (A) to D.C. NEUTRAL voltage 
waveform and expressed as a percentage. Similarly the LINE 
(A) to LINE (B) voltage waveform is also taken as reference 
for the harmonic spectra of the three LINE to LINE voltage 
waveforms. This means the harmonic components for each LINE 
to LINE voltage waveform is divided by the wanted component 
of the LINE (A) to LINE (B) voltage waveform and expressed as 
a percentage. This procedure allows an immediate check to be 
made on the degree of amplitude unbalance between any three 
respective components of the three modulated waveforms concerned,
The phase of every harmonic component is expressed as an 
angle between 0 and + ir or 0 and - IT. This allows a check on 
the phase unbalance between respective harmonics to be made, 
and also provides a facility for determining the phase-sequence 
of any three harmonics of the same order for any three 
respective voltage waveforms.
(4.2.1,2) Leading-Edge.P.WiM:.
It may be seen'"from the computed results presented in Fig.
















































































































































































































































































































































































































































































































































the LINE to D.C. NEUTRAL voltage waveforms. This leads to the 
existence of d.c. components in the LINE to LINE voltage 
waveforms. It may also be seen from Pig. (4. 2) and Pig. (4. 3) 
that any three harmonics of the same order in both the LINE 
to D.C. NEUTRAL voltage waveforms and LINE to LINE voltage 
waveforms do not form balanced sequence sets. Further computed 
results illustrated that the reason for the existence of d.c 
components in the LINE to LINE voltage, and amplitude and 
phase unbalance between any three harmonic components of the 
same order, in both the LINE to D.C. NEUTRAL voltages and LINE 
to LINE voltages, for a frequency ratio of three* and modulation 
index of unity; was entirely due to the natural sampling 
process lying outside the limitations presented in Section 
(3.8.1) of Chapter (.3). It was shown in Section (3.8.1) of
Chapter (3) that for leading-edge p.w.m.and a modulation index
„ . . , t rPeak value of Carrier Wave , T ,, - . of 'unity' [ Peak value of Modulating Wave = ^ the minimura
f c of frequency ratio was, -s— - T. However, when the modulation
f c index was reduced to 0.5 and the frequency ratio, , held
constant at 'three' such that the sampling process lay within 
the limitation presented in Chapter (3), it became evident 
from the computed results that the d.c. components and amplitude 
and phase unbalance of harmonics of the same order were 
completely eradicated. It was also found that the triplen 
harmonics in the LINE to D.C. NEUTRAL voltages formed balanced 
zero-sequence sets, which resulted in complete cancellation of 
these harmonics in the LINE to LINE voltage waveforms.
Prom the computed results illustrated in Figures: (4.2) and 




































































































































































































































































































became apparent for leading-edge p.w.m., provided the natural 
sampling process lay within the limitation described in 
Section (3.8.1) of Chapter (3):
(1) For all values of integer frequency ratio given by:
£2 - „ fm " n >
even order and odd order harmonics are present in both the 
LINE to B.C. NEUTRAL voltage waveforms and in the LINE to LINE 
voltage waveforms.
(2) For all triple-integer values of frequency ratio 
given by:
H=3n,
harmonics of order, 3n, which are present in the LINE to D.C. 
NEUTRAL voltage waveforms, form balanced zero-sequence sets. 
This means that such harmonics completely cancel in the LINE 
to LINE voltage waveforms. D.C. voltage components are also 
eliminated from the LINE to D.C. NEUTRAL voltage waveforms 
which means that such components of voltage are also eliminated 
from the LINE to LINE voltage waveforms. It was also found 
that for these values of frequency ratio, respective harmonics 
of orders:
(3n - 2),
form balanced positive-sequence sets, whereas, respective 
harmonics of order:
(3n - 1), 
form balanced negative-sequence sets.
(4) For odd and even non-triple-integer values of frequency 
ratio given by:
110
= 3n + i [3 - C-l) n]
• 3n - 1 [3 * (-1)"]
respectively, respective harmonics of order, n, in the LIME 
to B.C. NEUTRAL voltage waveform, did not form balanced 
sequence sets. It was also found that a relationship between 
phase-sequence and harmonic order for any three respective 
harmonics did not exist. B.C. components of voltage were also 
found to occur in the LINEto LINE voltage waveforms. 
(4.2.1.3)
From the computed results for this particular modulation 
process, it was found that the amplitudes of harmonic components 
and d.c. components were the same as for the leading-edge p.w.m, 
process, for all values of frequency ratio. Harmonic order 
and phase-sequence were also found to be the same as for the 
leading-edge p.w.m, process.
(4.2.1.4) Double-Edge_P.W.M,_
From the computed results illustrated in Figures (4.4) and 
(4.5) and from further computed results the following 
relationships became apparent:
(1) For odd values of triple-integer frequency ratio given 
by:
|£ = 3(.2n - 1),
d.c. components did not exist in the LINE to D.C. NEUTRAL 
voltage waveform nor in the LINE to LINE voltage waveforms. 
Harmonic components of order, 2n, were eliminated from the 






















































































































































































































































































































































































































































































































































































































































LINE to LINE Voltage waveform. Respective harmonic components 
in the LINE to B.C. NEUTRAL voltage waveform of order, 3n, 
formed balanced zero-sequence sets, which therefore completely 
cancelled in the three LINE to LINE voltage waveforms. 
Respective harmonic components in the LINE to D.C. NEUTRAL 
voltage waveforms and in the LINE to LINE voltage waveforms 
of order, (3n - 2), formed balanced positive-sequence sets, 
whereas; respective harmonics of order, (3n - 1) formed 
balanced negative-sequence sets.
(2) For even triple-integer values of frequency ratio 
given by:
fa r 3(2n) -
d.c. components were eliminated from the LINE to D.C. NEUTRAL 
voltage waveforms and therefore from the LINE to LINE voltage 
waveforms. Respective harmonic components of order, 3n, in 
the LINE to D.C. NEUTRAL voltage waveforms again formed 
balanced zero-sequence sets which resulted in complete 
cancellation of these components in the. three LINE to LINE 
voltage waveforms. The phase-sequence of respective harmonic 
components in the LINE to D.C. NEUTRAL voltage waveforms and 
in the LINE to LINE voltage waveforms were the same as for 
the odd triple-integer values of frequency ratio, that is to
say:
(i) respective harmonic components of order, 3n,in the 
LINE to D.C. NEUTRAL voltage waveform formed balanced zero- 
sequence sets,
(ii) respective harmonic components of order, (3n - 2), 
in the LINE to D.C. NEUTRAL voltage waveform and in the LINE 
to LINE voltage waveforms formed balanced positive-sequence
114
sets.
(iii) respective harmonic components of order, (3n - 1), 
in both the LINE to D.C.NEUTRA1 voltage waveforms and LINE 
to LINE voltage waveforms formed balanced negative-sequence 
sets.
(3) For odd non-triple-integer values of frequency ratio 
given by:
f£ = 3n + i [3 -C-l) n]
d.c. components of voltage did not occur in the LINE to B.C. 
NEUTRAL voltage waveforms nor in the LINE to LINE voltage 
waveforms. Harmonics of order, (2n), were also eliminated 
from the LINE to D.C. NEUTRAL voltage waveforms' and LINE to 
LINE voltage waveforms. It is of particular interest to note 
that considerable 'amplitude' and 'phase' unbalance of the 
respective wanted harmonic components in both the LINE to 
D.C. NEUTRAL voltage waveforms and in the LINE to LINE 
voltage waveforms occurred for non-triple-integer frequency 
ratio values of 'five' and 'seven 1 . However for odd non-triple- 
integer values of frequency ratio of 'eleven' and above, the 
degree of 'amplitude 1 and 'phase 1 unbalance of respective 
wanted harmonic components became insignificant (less than 1%). 
Respective harmonic components corresponding to the carrier 
frequency and integer multiples of the carrier frequency of
order, 11 |^. which existed in the LINE t,o D.C. NEUTRAL voltage * fm *
waveforms formed balanced zero-sequence set^ which therefore 
cancelled in the LINE to LINE vcltage waveforms.
However, respective harmonic components in tne LIIIF to D.C. 
NEUTRAL voltage waveforms and LINE to LINE voltage waveforms
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whose order was not equal to the carrier frequency or 
integer multiples of the carrier frequency, did not form 
balanced sequence sets. The phase-sequence of these 
components was also quite random.
(M) For even non-triple-integer values of frequency ratio 
given by:
fe'3n-| [3* (-1)"].
d.c. components of voltage of considerable magnitude existed 
in the LINE to LINE voltage waveforms for all values of 
modulation index. However, for non-triple-integer values of 
frequency ratio above 'ten* the d.c. components of voltage 
became insignificant (less than 1% of the fundamental 
component). Respective fundamental harmonic components of 
both the LINE to D.C. NEUTRAL voltage waveforms and LINE to 
LINE voltage waveforms were unbalanced in both 'magnitude' 
and 'phase', for non-triple-integer values of frequency ratio 
below 'eight 1 . Above 'eight' the degree of unbalance was
less than 1%. Respective harmonic components in the LINE
f c 
to D.C. NEUTRAL voltage waveforms of order, n 7^, formed
balanced zero-sequence sets, which resulted in the cancellation 
of these components in the LIME to LINE voltage waveforms. 
Respective harmonic components in both the LINE to D.C.
NEUTRAL voltage waveforms and in the LINE to LINE voltage
f c 
waveforms of harmonic order other than l n ^' formed
unbalanced sequence sets. A relationship between the phase 





The computer analysis of the three natural sampled p.w.m. 
systems has shown, that natural sampled double-edge p.w.m. 
is superior to natural sampled single-edge p.w.m. for mainly 
two reasons:
(i) For single-edge p.w.m. operating with a modulation 
index of 'unity 1 , the minimum value of frequency ratio is 
given by:
~ > IT, ((Section (3.8.1) of Chapter (3))
Therefore, for integer-frequency-ratio operation, the minimum 
value of frequency ratio for a modulation index of 'unity'
f* f\
is -s— = 4, because, IT, is not an integer value. However, 
for double-edge p.w.m. and a modulation index of 'unity' 
the minimum value of frequency ratio is given by:
— > Lf ((Section (3.8.1.) of Chapter (3)).
•
This means that for integer frequency ratio operation at a
modulation index of 'unity', the minimum value of frequency
f c ratio is given by: ^ = 2. When a natural sampled p.w.m.
process is made to operate outside the above limitations of 
frequency ratio for a modulation index of unity, a. very 
considerable increase in harmonic distortion of the output 
u.w.m. voltage waveforms will occur, as was discussed in 
Section (4.2.1.2) for natural sampled lead-edge p.w.m.
(ii) For all integer values of frequency ratio which lie 
within the limitation of the natural sampling process (as 
described in Section (3.8.1.) of Chapter (3)), the voltage
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harmonic spectra of the natural sampled double-edge p.w.m. 
process is superior to the voltage harmonic spectra for the 
single-edge p.w.m, processes for two reasons: (a.) for single- 
edge p'.w.irkeven order and odd order harmonics are always 
present in the LINE to LINE voltage spectra and (b) less 
harmonic cancellation takes place for single-edge p.w.m. 
than for double-edge p.w.m.
Because natural sampled double-edge p.w.m, has proved to 
be superior to natural sampled single-edge p.w.m. for all 
integer values of frequency ratio, it was decided to 
investigate the natural sampled double-edge p.w.m. process 
experimentally,
(4.2.2) Exger imental_Inyestigation_Into_
A light-current three-phase, natural sampled double-edge 
p.w.m. control circuit was designed and constructed to check 
the authenticity of the computed harmonic spectra. A block 
diagram of the system is illustrated in Fig. (4. 6) and a 
schematic diagram of the control circuit is included in 
Appendix (2). It may be seen from Fig. (4. 6) that the 
control circuit mainly consists of: a three-phase signal 
generator, a phase-locked-loop and three voltage cowpotr 
circuits. The three-phase modulating wave generator supplies 
three output sinusoidal waveforms displaced in tjrne-phase by 
•120° and 120° respectively, where both the amplitude and 
frequency of the output waveforms can be varied. The phase- 
locked-loop generates a triangular carrier wave which is 











































































































































































































































































































































































































wave generator and is at "N" times its frequency (N.Wm). 
The three sinusoidal modulating waves are then compared with 
the single-phase triangular carrier wave in the three 
comparator circuits. The three output pulse-width-modulated 
waveforms from the three comparators are then made to supply 
three 1 Kfl resistors connected in star as shown in Fig.(4.7). 
(4.2.2.1) MeasurementS €_Technig.ue ,
The d.c. components of voltage in the LINE to LINE voltage 
waveforms, were measured by connecting a moving-coil voltmeter 
between respective pairs of LINES in the circuit shown in 
Pig.(4.7).
The harmonic voltage components of the LINE to D.C. NEUTRAL 
voltage waveforms were measured by means of a low frequency 
wave analyser (Muirhead D-788A) connected between the D.C. 
NEUTRAL and respective LINES. Similarly, the LINE to LINE 
voltage harmonic components were measured by connecting the 
low frequency wave analyser between respective pairs of LINES.
The phase angle between any three harmonic components of 
the same order, were ir>ea.sured by means of two identical low 
frequency wave analysers and one phase-meter (Dawe, Type 630). 
Consider two identical wave analyers connected between LINE 
(A) and the D.C. NEUTRAL and LINE (B) and the D.C. NEUTRAL, 
where both wave analysers are tuned to harmonic components of 
the same frequency. By connecting a phase-meter bet-ween the 
two pairs of output terminals of the wave analysers such that 
the harmonic component of the LINE (A) to-'.D.C. NEUTRAL voltage 
waveform is taken as reference, a phase angle, A3, can be 


































































































































































































































































NEUTRAL is then transferred to the LINE (C) to B.C. NEUTRAL 
and again tuned to r-he harmonic component of the same frequency 
as in the previous case a phase angle, AC, can be measured 
by means of the phase-meter. The phase angle given by:
0 0
AC - AB,, is then the phase angle between respective harmonic 
components in the LINE (B) to D.C. NEUTRAL voltage waveform 
and LINE (C) to D.C. NEUTRAL voltage waveform. By repeating 
this process the phase angles between any three respective 
harmonic components can be measured.
(4.2.2.2) Experimental_Results.
The 'amplitude' and 'phase 1 of respective harmonic components 
in the three LINE to D.C.NEUTRAL voltage waveforms and in 
the three LINE to LINE voltage waveforms were measured by the 
technique described in Section (4.2.2.1), for various values 
of frequency ratio and modulation index, the magnitude of the 
fundamental component of the LINE (A) to D.C. NEUTRAL voltage 
waveform was taken as reference for the LINE to D.C. NEUTRAL 
voltage harmonics, while the magnitude of the fundamental 
component of the LINE (A) to LINE (B) voltage waveform was 
taken as reference for the LINE to LINE voltage harmonics.
Experimental and theoretical LINE to D.C. NEUTRAL and LINE 
to LINE voltage harmonic spectra for a modulation index of 
unity and frequency ratio's of : ^ - 3,6,5 and 2 are 
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FIG.(4.1la) HARHONK SPECTRA FOR LINE TO D.C. NEUTRAL VOLTAGE 
WAVEFORMS FOR A FREQUENCY RATIO OF 2, AND MODULATION 
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FOR NATURAL SAf'PLED DOUBLE-EDGE P.W.M.
natural sampled double-edge p.w.m. have been shown to agree 
with the results obtained by experimental investigation. The 
results obtained from both methods of investigation have 
demonstrated that the harmonic spectra of the p.w.m, output 
voltage waveforms from the convertor illustrated in Fig.(4.1) 
are very dependent upon the value of integer frequency ratio.
It has been shown that the first choice of integer frequency 
ratio values, are the odd triple-integer values given by:
fjj- = 3,9,15 -------- 3(2n - 1),
because of the following factors:
(i) Positive and negative half-wave symmetry is achieved 
which eliminates even order harmonics and d.c. components 
from the output LINE to D.C. NEUTRAL voltage waveforms.
(ii) Odd triplen harmonics of order: 3(2n - 1) which-exist 
in the LINE to D.C. NEUTRAL voltage waveforms, form balanced 
zero-sequence sets, which results in the cancellation of these 
harmonics in the LINE to LINE voltage waveform when supplying 
a three-phase, three-wire load.
The second choice of integer frequency ratio values have 
been shown to be the even triple-integer values given by:
|£ = -6, 12, 18 ------ —3(2n)
These values of frequency ratio have been shown to be inferior 
to the odd triple-integer values because they introduce even 
order and odd order harmonics into the LINE to D.C. NEUTRAL 
voltage waveforms. However., it was also shown that triplen 
harmonics of orderj 3(n), form balanced zero-sequence sets, 
which cancel in the LINE to LINE voltage waveforms when
135
supplying a three-phase, three-wire load.
The third preferred choice of frequency ratio values have 
been shown to be the odd non-triple integer values, given by:
f£ = 5, 7, 11,- - - - - -/3n + i [3 - (-D n])
Although it was shown that these values of frequency ratio 
eliminate d.c. voltage components and harmonics of order; 
2 n , from the LINE to D.C. NEUTRAL voltage waveform and from 
the LINE to LINE voltage waveforms, it was also shown that the 
following disadvantage existed: respective harmonic 
components in both 'the LINE to D.C. NEUTRAL voltage waveforms 
and LINE to LINE voltage waveforms did not form balanced 
sequence sets.
The least preferred frequency ratio values have been shown 
to be the even non-triple integer values given by:
= 2 , U, 8,- - - - - - -,(311 - 1
It was shown that these values of frequency ratio present the 
following disadvantages: d.c. voltage components, even order 
harmonics (of order 2n) and odd order harmonics (of order 
(2n - 1)) all exist in both the LINE to D.C. NEUTRAL. voltage 
waveforms and in the LINE to LINE voltage waveforms.
A relationship between harmonic order and phase sequence 
was also shown to exist for triple-integer values of frequency 
ratio, that is ^o say: for frequency ratio values given by:
f£ = 3, 6, 9, 12, ----- -, 3(n),
respective harmonic of order: (?n - 2), C3n - 1) ana 3(n), 
formed balanced positive-sequence sets, balanced negative- 
sequence sets and balanced zero-sequence sets respectively,
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in both the LINE to B.C. NEUTRAL voltage waveforms and LINE 
to LINE voltage waveforms. However, for non-triple integer 
frequency ratio values given by:
• 3n - i [3 * (-1)"]
- 3n + J [3- (-l)T,
respective harmonic components did not form balanced sequence 
sets and no apparent relationship between phase sequence and 
harmonic order existed.
(4.3) The Application of Regular Sampling to P.W.M.
Power Convert or s Operating in the Synchronised Mode.
The main object of any power modulator intended for 
infinitely variable induction motor speed control systems, is 
to produce a sinusoidal output voltage waveform which is 
variable in both magnitude and frequency. Such an objective 
cannot be achieved of course because all power modulators 
introduce some degree of harmonic distortion. Therefore, 
consideration must be given to the most acceptable harmonically 
distorted waveforms. For the converter shown in Fig. (4.1) 
the most desirable voltage waveforms between each LINE to 
D.C. NEUTRAL would consist of fundamental components which 
form a balanced positive-sequence set, plu.i the 'minimum* 
number of harmonic components - where the respective harmonic 
components form balanced zero-sequence sets:
/N
V = V. + V,Sinu) t + — + V ,Sin(n-l)u t -r V Sin nu t 
an dc 1m n-i m n m
——— (4.1)
- / 10A°NV = V + V-,Sin(w t - 120 J *^- dc 1 m
137
+ V Sin numt —(4.2)
Vcn S Vdc + VinCV + 120°)
When such hypothetical waveforms are applied to a balanced 
three-phase, three-wire load all the remaining harmonics with 
the exception of the wanted harmonic components, would cancel 
in the LINE to LINE voltage of the converter shown in Fig. 
(4.1) such that:
Van - Vbn = ^ ^1 sin <%t + 30°) —— (4.4)
Vbn - Vcn = ^ *"i Si^V - 90°) ——— (4.5)
Vcn - Van = ^ ^ Sin(%t + 150°) -—— (4.6)
Therefore, the currents flowing in each phase of the load would 
correspond to the fundamental harmonic voltages only. Should 
respective super-harmonics (harmonics of higher order than the 
fundamental components) in equations (4.1), (4.2) and (4.3) 
form balanced positive-sequence sets or balanced negative- 
sequence sets, 'no cancellation' will occur in the LINE to 
LINE voltage waveform. However, when respective super- 
harmonics in equations (4.1), (4.2) and (4.3) are unbalanced 
in 'phase' or 'magnitude' or both, 'partial cancellation' can
occur.
Therefore, there remains two possible means of improving 
the harmonic spectra of the LINE to LINE voltage waveforms 
without the addition of extra power- components:
(i) the amplitudes of the harmonics in the LINE tc D.C. 
NEUTRAL voltage waveforms can be reduced, or (ii) the phase 
of respective harmonic components in the LINE to B.C. NEUTRAL 
voltage waveforms can be made equal or near equal such that
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respective harmonics form zero-sequence sets which cancel 
in the LINE to LINE voltage waveforms. It has been shown in 
both Section (3.7) and Section (4.2) that the sampling process 
in prior-art p.w.m, power converters is natural sampling. 
However, it was shown in Section (3.9) that there is an 
alternative sampling process known as 'regular sampling 1 ,which 
is common in communication systems, but which has not 
previously been applied to p.w.nupower converters. It was 
therefore decided to investigate the application of regular 
sampling to the double-edge p.w.m,process, and observe whether 
regular sampling Improves the harmonic spectra of the output 
p.w.m. voltage waveforms at low values of carrier frequency/ 
modulating fi-'equence ratio .
(4.3.1) Anal^tical_Investigation_Into_Regular 
Same ledi_Double-Edge_P iW_._M i_S2S terns
Two forms of regular sampled double-edge p.w.m.were 
presented in Sections (3-9-3) and (3.9-4) of Chapter (3):(D 
regular sampled symmetrical double-edge p.w.m. and (ii) regular 
regular sampled asymmetrical double-edge p.w.nu respectively. 
The generation of three-phase p.w.m.control waveforms from 
a single-phase carrier wave and three-phase regular sampled 
modulating waves by both these processes Is achieved by 
comparing each phase of the regular sampled modulating wave 
with a single -ohase carrier wave, as described in Section (3,9) « 
It is once again important to emphasise that, when the p.w.m. 
control waveforms are made to drive the power converter 
illustrated in Fig. (4.1) the switching instants of the control 
waveforms will be representative of the switching instants of
139
the LINE to D.C. NEUTRAL voltage waveforms of the power 
converter. Therefore, computer programs were -written which 
determined the switching instants of the p. w.m. waveforms and 
which calculated harmonic spectra for both the LINE to D.C. 
NEUTRAL voltage waveforms and LINE to LINE voltage waveforms. 
The details of the computer programs are included in 
Appendix ( 3),.
( *l . 3 . 1 . 1 ) Qdd_Tr i^le-Int eger_Values_of
From the computed results shown in Figures: (4.12), (4.13),
(4.14) and (4.15) and from further computed results for odd
triple-integer values of frequency ratio given by:
ft = 3C2n-l)
the following conclusions can be drawn:
(i) Regular sampled, symmetrical double-edge p. w.m. is 
inferior to regular sampled asymmetrical double-edge p. w.m. 
because the symmetrical p .w.m, process introduces both even 
order and odd order harmonics in the LINE to LINE voltage 
spectra. The amplitude of the most significant harmonics 
(the harmonics nearest the fundamental) in the LINE to LINE 
voltage spectra are also considerably larger for the symmetrical 
p. w.m. process than for the asymmetrical p. w.m. process .
(ii) For both regular sampled, double-edge p. w.m. processes 
the tripleii harmonics of order, 3n, which existed in the LINE 
to D.C. NEUTRAL voltage waveforms, formed balanced zero- 
sequence sets, which will therefore cancel in the LINE to LlMli 
voltage spectra when supplying a three-wire, three-phase load,



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































to LINE voltage waveforms of order: C3n -2), and (3n - 1), 
formed balanced positive-sequence sets and balanced negative- 
sequence sets respectively.
When the computed results for the natural sampled double- 
edge p.w.m. process illustrated in Pig. (^l.il) are compared with 
.the computed results illustrated in Pig. (4. 12) and Fig. (4.14), 
it is immediately apparent that the regular sampled 
asymmetrical double-edge p.w.m. process is superior to both 
the natural sampled double-edge p.w.m. process and the regular- 
sampled symmetrical double-edge p.w.m. process. It is equally 
apparent that the regular sampled, symmetrical double-edge 
p.w.m. process is inferior to the natural sampled double-edge 
p.w.m. process.
(4.3.1.2) Even_Tri£le-Integer_yalues_of
Prom the computed results for even triple-integer values 
of frequency ratio given by:
T5 = 3C2n),
the fallowing conclusions became apparent.
(i) Regular sampled } asymmetrical p.w.m. is superior to 
regular sampled symmetrical p.w.m. because it considerably 
reduces the amplitude of the most significant harmonics in 
the LINE to LINE voltage spectra.
(ii) Respective harmonics of order, 3n, in the LINE to 
D.C. NEUTRAL voltage waveforms again formed balanced aero- 
sequence sets, whicn therefore cancelled in the LINE to LINE 
voltage waveforms.
(iii) Respective harmonics in the LINE to LINE voltage 
waveforms of order:. On - 2) and (3n - 1) again formed
145
balanced positive-sequence sets and balanced negative-sequence 
sets respectively.
The regular sampled, asymmetrical double-edge p. w.m, process 
was again found to be significantly superior to the natural 
sampled double-edge p. w.m process, however, the regular 
sampled, symmetrical double-edge p. w.m, process was again 
found to be inferior to the natural sampled double-edge p. w.m, 
process.
(4.3.1.3) Qdd_Non-trip_le_Int eger_Values
The odd non-triple integer values of frequency ratio 
are given by:
f£ = 3n + I [3 - C-D nL
Prom the computed results for these values of frequency ratio, 
the following conclusions were drawn:
(i) Regular sampled, asymmetrical double-edge p. w.m. is 
again superior to the regular sampled, symmetrical double- 
edge p. w.m, process because the symmetrical p .w.m. process 
introduced both even order and odd order harmonics in the 
LINE to B.C. NEUTRAL voltage waveform, whereas, the 
asymmetrical p. w.m. process introduced odd order harmonics only 
in the LINE to D.C. NEUTRAL voltage waveforms.
(ii) The amplitudes of the most significant harmonics in 
the LINE to LINE voltage for the asymmetrical double-edge 
p. w.m, process , were considerably less than the amplitude of 
corresponding harmonics for the symmetrical double-edge p.w.m.
process .
It is of considerable importance to add that both regular
sampled p.w.m. processes, completely eradicated the 'amplitude' 
and 'phase' unbalance of the fundamental harmonic components, 
which occured in the natural sampled, double-edge p.w.m. 
process, for these values of frequency ratio. It was again 
observed from the computed results that the regular sampled, 
asymmetrical double-edge p.w.m. process was considerably 
superior to both the regular sampled, symmetrical double- 
edge p.w.m, process and the natural sampled double-edge p.w.m, 
process. However, the voltage harmonic spectra for the 
regular sampled symmetrical p ,w.m, process were again 
considerably inferior to the voltage harmonic spectra of the 
natural sampled double-edge p .w.m. process .
(4.3.1.4) Even_Non-tr ip_le_Int egerj/alue s
These values of frequency ratio are given by: 
H= 3n - i [3 + C-l) n ].
From the computed results for these values of frequency ratio, 
the following conclusions became apparent:
(i). Regular sampled, asymmetrical double-edge p.w.m. 
was again superior to regular sampled, symmetrical double -ecu;,c 
p.w.m. because it reduced the amplitudes of the most 
significant harmonic components.
(ii) The regular sampled, asymmetrical p.w.m. process also 
eliminated the d.c. components from the LINE to LINE voltage 
waveforms which occured in the natural sampled double-edge
p.w.m. process .
(iii) The amplitude and phase unbalance of the wanted 
harmonic components which occured in the natural sampled,
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double-edge p.w.m, process were completely eradicated by the 
regular sampled asymmetrical double-edge p.w.m.process.
The analytical investigation has demonstrated that r-he 
novel regular sampled, asymmetrical double-edge p. w.m. process, 
is considerably superior to both the novel regular sampled, 
symmetrical double-edge p .w.m. process and the prior-art 
natural sampled, double-edge p. w.m. process for all values of 
integer frequency ratio. However, the novel regular sampled, 
symmetrical double-edge p .w. in. process was found to be inferior 
to the. prior-art natural sampled double-edge p. w.m, process 
for all integer values of frequency ratio.
(4.3.2) Experiment al_Investigation_Into__the
Because this novel p. w.m. process has been found to be 
considerably superior to the prior-art, natural sampled double- 
edge p. w.m. process, it was decided to investigate this process 
experimentally and compare the experimental results with the 
experimentally determined results for the natural sampled 
double-edge p. w.m. process presented in Section. (4.2.2). 
(4.3.2.1) Contr ol__Circuit _f or_Regular_
Sampled A_svjnime_tr_ical_]Doubie;;Edge
The regular sampled asymmetrical double-edge p. w.m. control 
waveform (or switching function) was achieved by the circuit- 






















































































































































































































































































































































diagram of this circuit is included in Appendix (4), It may 
be been from Pig.(4.16) that the control circuit mainly 
consists of: a three-phase signal generator, a phase-locked 
loop, three sampled-and-hold circuits and three voltage 
comparator circuits. The three-phase modulating wave generator 
supplies three output waveforms displaced in time-phase by 
-120 and 120 respectively, where both the amplitude and 
frequency of the output waveforms can be varied. The phase- 
locked-loop generates a triangular carrier wave which is 
synchronised with the PHASE (A) output wave of the modulating 
wave generator and is at 'N 1 times its frequency (N.U'm). The 
three sampled-and-hold circuits regularly samples the three 
output modulating waves at twice the frequency of the 
triangular carrier wave (2N.Wm). The three regular sampled 
modulating waves are then compared with the single-phase 
triangular carrier wave in the three comparators circuits. 
The three p.w.m,control output waveforms (or p.w.m,switching 
functions) are then made to supply three 1 kft resistors ' 
connected in star as for the natural sampled control circuit 
presented in Section (4.2.2).
It is of considerable importance at this point to 
re-emphasise, that in prior-art p.w.m, power converters, the 
control waveform (or switching function) has been achieved 
by making a direct comparison between the sinusoidal 
modulating wave and the triangular carrier wave as illustrated 
in Fig.(4.17). However, it may be seen from Pig.(4.18) that 
the novel regular sampled asymmetrical double-edge p.w.m. 
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(b) RW.M. MODULATION PROCESS 
(4.18) REGULAR SAMPLED ASYMMETRICAL DOUBLE-EDGE PWM. PROCE
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wave with the regular sampled modulating wave. This process 
which is shown in Fig. (.4.18) is achieved by the inclusion of 
only one sample-and-hold circuit per phase, between the 
modulating wave generator and the comparator circuit. When; 
one cycle of the natural sampled double-edge p.w.m, waveform 
is compared with a corresponding cycle of the regular sampled 
asymmetrical double-edge p.w.m. waveform (Pig.(4.19)), it is 
immediately apparent that the symmetry of the two waveforms 
is different. It is this change in the symmetry of the p.w.m* 
waveform resulting from the regular sampling process which 
improves the harmonic spectrum of the p.w.m. output waveform. 
The degree of superiority of the harmonic spectra for the 
regular sampled asymmetrical double-edge p.w.m. system for the 
various values of integer frequency ratio, will be enlarged 
upon in the following Sections of this chapter. 
(4.3.2.2) Harmonic_Sp_ectra
The harmonic spectra presented in the succeeding Sections 
of this Chapter are for the three LINE to D.C. NEUTRAL voltages, 
and the three LINE to LINE voltages, as illustrated In Fig. 
(4.1). The measurements technique used to determine the 
'magnitude' and 'phase' of each harmonic component is the 
same as that described in Section (4.2.2.1). It is Important 
to note that in the spectral diagrams for each of the three 
LINE to D.C. NEUTRAL voltages, the amplitude of each harmonic 
component is expressed as a percentage of the amplitude of 
the fundamental harmonic component of the LINE (A) to D.C. 
NEUTRAL voltage. Similarly the amplitude of each harmonic 
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FIG (4 19) COMPARISON OF NATURAL SAMPLED DOUBLE-E'JGE P.'.-.'.f!. 1-11TH 
REGULAR SAMPLED AS 'i'.}'.' ETR ! GAL OOl'SLE-EDGE P.W.r'.
a percentage of the amplitude of the fundamental harmonic 
component of the LINE (A) to LINE (B) voltage.
(4.3. 2. 2a) Qdd_Trip_Ie-Int§ger_Frequency_ 
Rations
It is of particular interest to observe from the harmonic 
spectra illustrated in Fig.(4.20) and the phase-sequence chart 
shown in Fig. (4.21) which are both for the LINE to LINE voltage 
waveforms, that the wanted harmonic components form balanced 
positive- sequence sets and that all triplen harmonics do in 
fact cancel. It is also quite evident that respective harmonics 
of order (3n - 1) and (3n -2) respectively, do not cancel. What 
is also of considerable importance is that the most significant 
harmonic (the 5th) is reduced by 12$. It is important to note 
that this reduction in the amplitude of the most significant 
harmonic is not due to partial cancellation in the LINE to 
LINE voltage, but is entirely due to the regular sampled 
asymmetrical double-edge p.w.m, process. This property of the 
regular sampled asymmetrical double-edge p .w.rru process of 
always reducing the amplitude of the most significant harmonic 
components is illustrated further by Fig.(4.22).
(4.3. 2. 2b) Even_Trip_le-Integer_Frequency_ 
Rations
It is again of particular interest to note from the 
harmonic spectra illustrated in Fig. (4 .23) i; that the mo&t 
significant harmonic for the natural sampled double-edge 
p.w.m,process is the 'second'which has an amplitude of '*,%, 
wile the next most significantharmonic component is the 
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regular sampled asymmetrical double-edge p. w.m. process it may 
be seen that the harmonic of most significance is the 'fourth' 
which has an amplitude of 24$. It may also be seen from 
Fig. (4. 2 3) that triplen harmonics do in fact cancel in the 
LINE to LINE voltage, while harmonic components of order 
(3n - 2) and (3n - 1) respectively, do not cancel.
It may therefore be concluded that for even triple-integer 
multiple values of frequency ratio, regular sampled 
asymmetrical double-edge p. w.m. is superior to the natural 
sampled double-edge p. w.m, process because it once again 
reduces the amplitude of the most significant harmonic 
components.
( 4 . 3 . 2 . 2c ) Odd_NonzTri£le-Integer
The results shown in Figures (4.25) and (.4.26) illustrates 
that for the natural sampled double-edge p. w.m. process, 
amplitude unbalance of 2% occurs between the fundamental 
components of the three respective LINE to LINE voltage 
waveforms. It may also be seen that the amplitudes of the 
5th harmonics have been reduced to approximately 4$ by partial 
cancellation. However, it is also evident that no three 
harmonics of the same order in the three respective LINE to 
LINE voltage waveforms produce balanced sequence sets. Whereas, 
for the regular sampled asymmetrical double-edge p. w.m. process 
it is quite evident that the respective fundamental components 
form balanced positive-sequence sets, 'third' harmonic 
components form balanced positive-sequence sets and the T seventh' 





























































































































































































































































































































































































































































































































































































































































































































































It is also of considerable importance to note once again 
that the regular sampled asymmetrical double-edge p .w. in. process 
reduces the amplitude of the most significant harmonics: 
the 'third' by 10% while the 'fifth' is completely eliminated. 
( 4 . 3 . 2 . 2d ) Eyen_Non=Tr ip_le_Int eger
It is of considerable importance to note from the LINE 
to LINE voltage spectra and the LINE to LINE harmonic 
sequence charts illustrated in Figures (.4.27) and (4.28) 
respectively that:
(i) D.C. Components of 29% in amplitude can exist in 
the LINE to LINE voltage waveform for the natural sampled 
system, whereas, such components are completely eliminated in 
the regular sampled system.
(ii) For the regular sampled asymmetrical double-edge 
p. w.m. process the fundamental harmonic components form a 
balanced positive-sequence set. However, for the natural 
sampled double-edge p. w.m. process, the fundamental components 
form an unbalanced positive-sequence set where the amplitude 
unbalance alone can amount to 11$.
(iii) The regular sampled asymmetrical double-edge p. w.m, 
process again reduces the amplitude of the most significant 
harmonic (the second) by approximately 11%. when compared 
with the natural sampled system.
(4.3.3) Amp litude_C ontrol_of _t-he_Fundament al 
Harmcnic_ Components
It has been shown earlier, that an essential requirement 
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control systems, is that both the frequency and magnitude of 
the wanted harmonic components be variable. For constant 
torque applications the ratio of the magnitude of the 
wanted harmonic component to its frequency must be maintained 
approximately constant. It was'shown in Section (3.3) that 
for the natural sampled double-edge p.w.m, process, the 
magnitude of the wanted harmonic component is proportional 
to the peak-value of the modulating wave. It may be seen 
from Pig.(4.29) that for both the natural sampled double-edge 
p.w.m. process and the regular sampled asymmetrical double- 
edge p.w.m. process that the amplitude of the wanted harmonic 
component is directly proportional to the modulation index 
for all values of integer frequency ratio.
(4.4) Interim Conclusions
Prom the results presented in this chapter and further 
results which have been determined, the following conclusions 
can be drawn:
(i) For odd and even triple-integer values of frequency 
ratio, fundamental relationships relating the phase-sequence 
of respective harmonics in the LINE to D.C. NEUTRAL voltage 
waveform or LINE to LINE voltage waveform have become evident
(ii) For non-triple integer values of frequency ratio no 
relationship appears to exist for the phase-sequence of 
respective harmonics in the LINE to D.C. NEUTRAL voltage nor 
in the LINE to LINE voltage.
(iii) Complete cancellation of harmonics in the LINE to 
LINE voltage can only be achieved'when harmonics of the same 
ord^r form balanced zero-sequence sets in the LINE to D.C. 

















































































































































































































in the LINE to LINE voltage can occur when harmonics of the 
same order in the LINE to B.C. NEUTRAL voltage form unbalanced 
sequence sets.
(iv) The amplitude and phase unbalance of the wanted 
harmonic components for non-triple integer values of frequency 
ratio which occurred in all prior-art p.w.m. systems, is 
completely eradicated by the proposed regular sampled 
asymmetrical double-edge p.w.m.process. Similarly the d.c. 
components in the LINE to D.C. NEUTRAL voltage waveforms which 
occurred in existing double-edge p.w.m.systems for even non- 
triple integer values of frequency ratio are also eliminated 
by the regular sampled s asymmetrical double-edge p.w.m. system.
(v) The novel regular sampled asymmetrical double-edge 
p.w.m. process always considerably reduces the amplitudes of 
the most significant harmonic components for all integer 
values of frequency ratio and modulation index.
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05) A NOVEL ASYNCHRONOUS MODE CONTROL SCHEME FOR A P.W.M. 
POWER CONVERTOR.
(5.1) Introduction
Almost all prior-art p.w.m. power converters have operated 
in the synchronous mode such that the ratio of carrier 
frequency to modulating frequency has taken integer values 
only. The synchronous mode of operation requires the 
modulating wave and carrier wave to be synchronised in time- 
phase and it was shown in Chapter (4) that such a requirement 
necessitates the use of a phase-locked-loop circuit. However, 
the main disadvantage of a phase-locked-loop is that it adds 
complexity to the control circuit and only remains 'locked' 
over a specified range of frequency ratio's, therefore imposing 
limitations on the ratio of carrier frequency to modulating 
frequency. If, however, the carrier frequency is set at a 
constant value which is greater than the maximum required 
frequency of the wanted harmonic component of the output 
modulated waveform (to satisfy the sampling theorem), and the 
modulating wave and carrier wave are asynchronous, then 
varying the frequency of the modulating wave provides a range 
of frequency ratio between unity and infinity, that is to say;
1 < J2 < oo ——(5.1)*• fm
where fc = Constant.
Although the constant-carrier-frequency asynchronous-mode 
p.w.m, control scheme appears to be the most logical system to
use for infinitely variable induction motor speed control
(21) 
systems, the literature available suggest that such a
means of generating p.w,m. waveforms is virtually useless for
170
all applications, because, sub-harmonic components s d.c. 
components and a 'beat effect* occurs in the output frequencies 
However,the magnitudes of these undesirable components 
relative to the amplitude of the wanted harmonic component 
does not appear to have been determined, the effects of 
frequency ratio variation on these unwanted components and 
'beat effect' phenomena have also avoided analysis in the 
literature. Indeed, it is not clear in the litsrature whether 
the 'beat effect' mentioned occurs in the output complex 
voltage waveform or in the magnitude of the wanted harmonic 
component of the output complex voltage. It was therefore 
decided to investigate the asynchronous mode of operation. 
(5-2) The Natural Sampled Asynchronous Mode of
Generating P.W.M Control Waveforms.
The prior-art technique of generating double-edge p.w.nu 
control waveforms is shown diagrammatically in Pig.(5.1) and 
graphically in Fig.(5.2). It is important to note that the 
modulating-wave-generator and carrier-wave-generator are 
entirely asynchronous. This means the triangular carrier 
wave and the three-phase modulating waves illustrated in 
Pig.(5.2) have no known timelphase relationship, whereas, with 
the previous synchronised-mode system the carrier wave and 
three-phase modulating waves were synchronised in time-phase. 
It may also be seen from Pig.(5.3) (drawn for one-phase.only) 
that the points of instantaneous intersection between the 
carrier wave and modulating wave (the samplirg points) coincide 
with the switching points of the width-modulated-output-wave. 
This constitutes natural sampling as described in Section 
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to note that the p. w.m, output waveform over a period of time 
corresponding to one cycle of the modulating wave (between 
t = 0 and t = i^) is different from the p. w.m. waveform over 
the period of time corresponding to the succeeding cycle of
the modulating wave (.from t = i- to t = f-) . in fact it isim fm '
quite evident that the p. w.m. waveform pattern only starts to
repeat itself after a period of time, T = 2__ The time-period
2 fm'
•, is therefore the fundamental-repetition-time, Tr, or the
frequency, , which in the case illustrated is equal to ~S,
is the fundamental repetition frequency, fr, Although 
fr = -J^ in the case illustrated in Fig. (5. 3), this relationship 
is not true for all values of frequency ratio, indeed it will 
be shown in the succeeding Section that the relationship
between the fundamental repetition frequency, fr, and the
f c 
ratio of carrier frequency to modulating frequency, ^ , is
f c different for each value of
(5.2.1) Re lat ionship._Between_Fundament al_
Repetition Frequency and Frequency Ratio
VH,t*__^__ H __ M __ M ____ __.^__ __„„«„——__———— —— ——.— ——.*•-——— •.—— !*• —— —— —— —— —— .—
Prom the 'previous Section it is now quite evident that when 
the ratio of carrier frequency to modulating frequency is 
equal to non-integer values, that is to say:
~- -dz n, where n = any integer value.
then the fundamental repetition frequency, fr, of the 
modulated waveform will always be different from the frequency 
of the modulating waveform, fm, whereas, for the synchronised- 
fflode of operation presented in Chapter (4), the repetition 
frequency of the modulated wave always equaled the frequency
175
of the modulating wave. Therefore, for the asynchronous-mode 
of operation, the first harmonic component of the p.w.m, 
voltage-waveform-spectra will not be of the same frequency as 
the modulating signal, but will in fact be equal to the 
fundamental repetition frequency of the output modulated 
waveform. It is therefore, of considerable importance that 
a relationship be established between the ratio of carrier 
frequency to modulating frequency, ~, and the fundamental 
repetition frequency, fr, of the modulated wave.
The constant-carrier-frequency asynchronous-mode p.w.m« 
system, which is the system being presented in this Chapter, 
is designed such that the carrier frequency, fc, is maintained 
at a constant value, and the modulating frequency, fm, varied 
between the limits:
0< fm< fc ——-C5.2) 
The upper limit of the modulating frequency is of course 
determined by: (1) the sampling theorem, (2) the maximum 
required frequency of the wanted harmonic component of the 
output modulated waveform and (3) the amount of harmonic 
distortion of the output modulated waveform considered to be 
acceptable. Therefore, it is intuitively obvious that when 
the p.w.rru power convertor is made to drive a three-phase 
induction motor, where the speed of the motor is required to 
be smoothly increased from zero to a maximum value corresponding 
to the frequency, fc, then the ratio of the carrier frequency 
to modulating- frequency, |^ , must decrease from infinity 
to unity, that is to say:
1 < |°- < PO ——(5.3) 
im
176
which means the frequency ratio, •—, must pass through integer 
and non-integer values. It would therefore appear that there
is a possibility that a required motor speed could occur when
f c•^ equals an integer value, thus infering that at this
desired speed the fundamental repetition frequency, fr, ttfould 
be equal to the modulating frequency, fra. However,, it must 
not be forgotten that the modulating-wave-generator and 
carrier-wave-generator are entirely asynchronous. Therefore, 
the slightest shift in frequency of either generator will 
result in the value of ~• moving away from the integer value, 
thus confirming what has been determined experimentally: 
simply that the frequency ratio, -~- 3 passes through integer 
values but never settles on a true integer value.
According to the literature the fundamental repetition 
frequency, fr, of a modulated waveform, is equal to the highest 
'common factor' (the largest number that will divide into two 
or more other numbers an integer number of times) of the 
carrier frequency and modulating frequency. Therefore, for 
the-~p.w.m, process illustrated in Fig. (5.4) where the carrier- 
frequency equals 1000 Hz. and the modulating frequency equals 
300 Hz, then the fundamental repetition frequency is 100 Hz, 
which means the wanted harmonic component is the 3rd harmonic 
of frequency 300 Hz, Now, rather than determine the -'harmonic 
order' of the wanted component from the values of carrier 
frequency and modulating frequency, it is far simpler to work 
in terms of frequency ratio. By referring to Fig.(5.4) once 
again, it may be seen that, g = i^§§ = ^ which can be taken 
to mean: for 10 cycles of the carrier wave 3 cycles of the 































































































































































































fundamental exists. Therefore, for any non-integer value of 
frequency ratio the 'order' of the wantedharmonic component 
can be determined in terms of the fundamental harmonic 
component. For a further example consider the frequency 
ratio:
fc _ a __i _
f m 1000 ~ 10(50
then for M001 cycles of the carrier wave, 1000 cycles of the 
wanted harmonic component exists, whereas only one cycle of 
the fundamental component occurs. This means the 'order' of 
the wanted harmonic component is '1000'. Therefore, for this 
particular value of frequency ratio 999 sub-harmonic components 
(harmonic components of lower frequency order than the wanted 
component) can exist. Although this novel technique of 
expressing 'harmonic order' from the non-integer value of 
frequency ratio only, is very convenient when discussing 
harmonic spectra, it is however, very important to note, that 
to determine the absolute value of the fundamental repetition 
frequency and the frequency interval between adjacent harmonic 
components, either the absolute value of the carrier frequency 
or modulating frequency must be known. This will be expanded 




Generat ing Double-Edge^P^W^M^Wavef orms .
Because of the limited amount of literature on the 
asynchronous-mode of operation and the vagueness of its 
contents, it was decided to make an analytical investigation
179
into the natural sampled asynchronous-mode p. w.m. process by 
means of a digital computer. The computer programs written 
for this purpose, calculate the amplitude and phase of 
respective harmonics for non-integer values of frequency 
ratio. A facility was also provided which simulated the 
random time-phase displacement between the carrier wave and 
modulating waves. Details of the computer programs are 
included in Appendix (1).
(5.2.2.1) Ef f ect sof RandomTime-Phase
It has been emphasised in the preceeding Sections of this 
Chapter, that the time-phase displacement between the carrier
wave and modulating wave is entirely random. The literature
(19 ) (21) 
available ' suggests that this random time-phase
displacement can result in the 'amplitudes 1 and 'phases 1 of 
the wanted harmonic components becoming unbalanced when three- 
phase modulating waves are compared with a single-phase 
carrier wave. It was therefore decided to investigate this 
problem analytically and determine the degree of unbalance.
Consider the natural sampled double-edge p. w.nu process 
illustrated in Fig. (5. 5), where the three modulating waves
are defined by:
v = A SinUmt + Q^) ——— (5.4)
v . = A Sin(umt + <J> 2 ) ——— (5-5). 
m 
Now the three wanted harmonic components of the three
and v = A Sin(ut + cj) —— (5.6)
modulated waves can be defined by:
180
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(b) Natural Sampled Double-Edge P.W.M. Process
T!!E EFFECT OF T HE RANDOM TIME-PHASr 
THE CARRIM WAVE AMD PODULATHIG iMV 
SAMPLED "UUBLE-EDGE P.W.FL PROCESS.
D I .-PLACEMEN 
|lp "-i Tt^E IJ
1 T Vi E E
va = El sin (wt + Q^ —— (5.7
vb - B2 Sin(wt + 0 2 ) —— ;(5.8) 
v c = B3 Sin(oot + 6 3 ) ——— (5.9)
It was found by computer analysis that for the natural 
sampled double-edge p. w.m. process:
Bl = B2 = B3>
} ——— (5.10) 
and 8
provided:
*2 -*1 = 120°, ^3 -*2 = 120°
} ——— (5.11)
and fc _ 3n
fm m
where n and m equals any integer value. This applies for ail
values of Nation °of 
between zero and unity. Therefore, if it is assumed that the
three-phase modulating waves are always balanced in both phase 
and amplitude, which is normally the case in practice, then 
the three wanted components of the three modulated waves -will 
also be balanced in both 'phase' and 'amplitude* provided the 
numberator of the frequency ratio, j^, is a triple-integer 
multiple (3,6,9,12 etc.). It is also appropriate at this 
point to note that fundamental amplitude and phase unbalance 
of the wanted harmonic components, occurred in the synchronised- 
mode natural sampled double-edge p. w.m. process when the 
frequency ratio, |£j did not equal a triple-integer multiple. 
This was enlarged upon in Chapter (4) of this thesis. One 
exception to the rules depicted by e.q.(5.10) and eq.(5.H) 
occurs for a frequency ratio of: ~ = | and a modulation index 
of unity. These values lead to considerable unbalance of the
182
three wanted harmonic components, whereas, a frequency ratio
f c 3 of: f^ = "2 and a modulation index of 0.5, does not cause
unbalance of the wanted harmonic components. In fact, the
degree of amplitude and phase unbalance for a frequency ratio
f c 3of: f^; = 2" and a modulation index of unity, was found to be
of the order: 7% and 11° respectively.
It can therefore be concluded that the amplitude and/or 
phase unbalance of the wanted harmonic omponents which exists 
in the asynchornous-mode, natural sampled p. w.m. system, is not 
due to the random time-phase displacement between the carrier 




Consider the three-phase power converter illustrated in 
Fig.t^.l), Chapter (.4), which is again shown in Fig. (5. 6). 
It was shown in Chapter (4) that for the synchronised mode 
of operation, the most desirable harmonic spectra of the three 
LINE to D.C. NEUTRAL voltage waveforms, consisted of three 
fundamental harmonic components which formed a balanced 
positive-sequence set, plus super-harmonics which formed 
balanced zero-sequence sets. This allowed the respective 
zero-sequence sets to cancel in the LINE to LINE voltage 
waveform, such that a balanced three-wire, three-phase load 
connected between the LINES would draw balanced positive- 
sequence currents only, However, it has already been sho\vn 
in this Chapter that for the asynchronous-mode of operation 




















































































































as well as super-harmonic components. Therefore, the most 
desirable harmonic spectra of the three LINE to D.C. NEUTRAL 
voltage waveforms would be as follows:
Van = Vd.c. * VinV + — + Vin nwrt * ^ Sir%ifc
A
+ ~ + V Sin mu t ———(5.12)m
Vbn + Vd.c. + V^V + — + VSin nt + V Sin(«ot -n m
A
VmSin mu)rt —— (5.13)
Vcn = Vd.c. + V^ino^t + — + VnSin nwrt + V Si
the three LINE to LINE voltage waveforms would then be given 
by:
vab = S*' V sin Cwmt + ) —— (5.15) 
vbc = /3. V Sin(umt - |) ——— (5.16)
vca = ^- V Sin(wmt + ^) ——— (5.17) 
Such hypothetical LINE to D.C. NEUTRAL voltage waveform 
spectra are, of course, not possible in practical systems, as 
was stated in Chapter (4). Therefore, consideration must be 
given to the p. w.m, process which produces the most acceptable 
harmonic spectra for all non-integer values of frequency 
ratio. Such an investigation can be best achieved by dividing 
the LINE to D.C. NEUTRAL voltage spectra into four areas of 
study: (i) d.c. components, (ii) sub-harmonic componets (iii) 
wanted harmonic components and (iv) super-harmonic components.
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(5.2.2.2a) 2iC i
When the three d.c. components in the three LINE to D.C. 
NEUTRAL voltage waveforms described by equations: (5.12), 
(5.13) and (5.14) respectively, are not equal, d.c. components 
will exist in the LINE to LINE voltages. Therefore, when three- 
phase, three-wire loads are connected between the three LINES 
shown in Pig.(5.6), d.c. components of current will flow in 
the load. When the load is inductive such that the impedance 
of each phase of the load is of the type:
ZL = R + j . w.L. 
where
w.L. » R, and R -*• 0.
then small components of direct voltage can circulate large 
components of direct current, because the reactance, w.L.; 
presents no Impedance to the flow of direct current. Therefore, 
for induction motor drive applications d.c. components of 
voltage in the ouptut LINE to LINE modulated voltage are 
clearly undesriable.
Becuase the frequency ratio,^, has an infinite number of 
values it is not possible to present results for all the 
possible values of |j~. However, it may be seen from the 
computed results illustrated In Figures (5.7), (5-8) and 
(5.9) that d.c. components greater or equal to 1.0$ of the 
wanted harmonic component of the LINE (A) to LINE (B) voltage 
do exist for values of |£ < 9, for the natural sampled double- 
edge p.w.m, process. Therefore, if the figure of 1.0% is 
taken as the criterior of acceptability so far as d.c. 
components alone are concerned, the minimum value of frequency
186
D.C. Components In Line To Line 























































PIG. (5.7) D.C. COMPONENTS IN LINE TO LINE VOLTAGE WAVEFORMS A, 
% OF WANTED HARMONIC COMPONENTS FOR MODULATION
INDEX OF 1.0
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B.C. Components In Line To Line 
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FIG.(5.9) D.C. COMPONENTS IN LINE TO LINE
 VOLTAGE WAVEFORMS 
AS % OF WANTED HARMONIC COMPONENTS FOR MODULATION
INDEX OF 0.2
159
ratio is: ^ - 9. This minimum value of frequency ratio
therefore imposes limitations on the operating frequency- 
range of the power converter. For example, consider the 
carrier frequency is set at 300 Hz, and the power converter 
is required to supply an output voltage whose wanted component 
has a frequency of 120 Hz, then |£ = |, which is outside the 
limits:
* < £ < -.
in fact, the maximum frequency of the wanted harmonic 
component of the output modulated voltage is limited to 
approximately 33Hz. Therefore, to achieve an output wanted 
harmonic component of 120 Hz, requires the frequency of the 
carrier wave to be increased to apparoximately 1080 Hz, which 
means the number of commutations in the power converter are 
increased by 360%. This increase in the number of commutations 
in the power converter causes the efficiency of the power 
converter to decrease. The design complexity of the power 
converters also increases with increase in the frequency of 
operation. Therefore, power converters operating at high 
frequencies is clearly undesirable.
(5 .2.2 . 2b) Sub-Harmonic_Com2oneij.t s
It has been shown in previous Sections of this Chapter, 
that when the fundamental repetition frequency of the output 
modulated waveform is different from the frequency of the 
modulating wave, sub-harmonic components of voltage can occur 
in the harmonic spectra of the output modulated voltage. 
Therefore, if the three LINE to B.C. NEUTRAL voltages: V&n ,
190
Vbn> and Vcn* of the °' onvertor illustrated in Pig. (5.6) 
contain sub-harmonic components, where respective sub-harmonic 
components in the three voltages do not form balanced zero- 
sequence sets, complete cancellation of the sub-harmonic
components in the LINE to LINE voltages: V w . V^ , and C ,ab s be ca
will not occur. When the impedance of each phase of a three- 
phase, three-wire load is again of the type:
ZL = R + j, w.L. 
where co.L.» R and R •> 0.
then the inductive reactance opposing the flow of sub-harmonic 
currents can be very much less than the inductive reactance 
opposing the flow of the wanted harmonic components of current; 
(harmonic component of current of same frequency as modulating 
wave). Therefore, small sub-harmonic voltages can circulate 
large sub-harmonic currents. For induction motor drive 
applications it is once again evident, that sub-harmonic 
components in the output modulated voltage are totally undesirable
It was found by computer analysis that for the natural 
sampled double-edge p .w.ra.- process, sub-harmonic voltage 
components do in fact exist in the output voltage spectra for 
low non-integer values of frequency ratio. Pig.(5.10) 
illustrates the first, nine harmonic voltage components in both 
the LINE to D.C, NEUTRAL voltage waveforms and LINE to LINE 
voltage waveforms, where the amplitudes of the harmonics are 
expressed as percentages of the amplitudes of the wanted 
component (The 5th harmonic component). Is is interesting 
to note from Pig.(5.11) that respective sub-harmonic components, 

































































































































































































































































































































































































































































































































































































































































































harmonic components all form balanced sequence sets. The 
triplen order harmonics in the LINE to B.C. NEUTRAL voltage 
waveforms, again form balanced zero-sequence sets, which 
means cancellation of these components in the LINE to LINE 
voltage waveforms will occur. From the computed results 
illustrated in Fig. (5. 10) and further computed results the 
following relationships became apparent:
(1) All triplen order harmonics (3rd, 6th, 9th, —— , 3n) 
always cancel in the LINE to LINE voltage, provided the 
numerator of the frequency ratio fraction, |£, is a triple- 
integer multiple, that is to say:
when |£ = ^£, and 3n > m,
then harmonics of order, 3n, cancel in the LINE to LINE voltage
(2) All even order harmonics (2nd, 4th, 6th, —— , 2n) are 
eliminated from the LINE to D.C. NEUTRAL voltage and therefore 
from the LINE to LINE voltage when:
(3) When |£ = CZn -J) > where n > m>
both even order and odd order harmonics can be present in the 
LINE to LINE voltage.
(/O When fc = 2n and n > m 
fm (2m - 1)
both even order and odd order harmonics can again be present 
in the LINE to LINE voltage.
From the computed results illustrated in Fig. (5.12) and 
from further computed results, it became evident that for low 
values of modulation index, sub-harmonic voltage components 






























































































































































































































































































































































































































































the LINE to LINE voltage spectra for non-Integer values of 
frequency ratio below 'ten'. Therefore, if a sub-harmonic 
component amplitude of less than 1% is taken as the criterior 
for accpetability, then the limiting value of minimum frequency 
ratio is given by:
This means the usable range of frequency ratio is bounded by 
the limits:
10 < Is
which results in the same consequences described in Section 
(5.2.3.1.). Once again sub-harmonic components in the LINE 
to LINE voltage spectrum, are clearly undesirable. 
(5 . 2 . 2 . 2c )
For the asynchronous mode of generating p. w.m. waveforms, 
it has been shown (Section 5.2.2.2)) that the wanted harmonic 
components are of the same frequency as the modulating wave. 
For three-phase, induction motor drive applications it is 
particularly important that the three wanted harmonic 
components form a balanced positive-sequence set, for all 
values of frequency ratio and modulation index. It was found 
by means of computer analysis, that the degree of amplitude 
and/or phase unbalance between respective wanted harmonic 
components was less than 1% and/or 1° respectively, for 
nearly all non-integer-values of frequency ratio which lie 
within the limitations of the sampling theorem. In fact it 
is true to say that the degree of unbalance between wanted 
harmonic components is greater for the synchronous-mode of 
operation (integer values of frequency ratio) than for the
196
asynchronous-mode of operation (non-integer values of 
frequency ratio). However for reasons of theoretical 
argumentation, it must be added that 'true-balance' of the 
wanted harmonic components only occurred for non-integer 
values of frequency ratio given by:
where m and n are both any integer values.
(5 . 2 . 2 . 2d) Sup_er-Harmonic_Comp_onent s
Super-harmonic components are considerably more important 
in the asynchronous-mode of operation than in the synchronous- 
mode of operation because of the frequency interval between 
adjacent harmonics (the fundamental repetition frequency) . 
It was shown in Chapter (4) that the minimum value of 
frequency between any two harmonics is the modulating 
frequency, provided the mode of operation was synchronous . 
However, it was shown in this Chapter' that for the 
asynchronous-mode of operation the minimum value of frequency 
between any two harmonics is the repetition frequency, which 
can be very much less than the modulating frequency. Consider 
fc = 550 Hz and fm = 250 Hz, then the fundamental repetition 
frequency is: fr = 50 Hz. Therefore, the frequency interval 
between adjacent harmonics is 50 Hz.
From the computed results illustrated in Figures (5.10) 
and (5.12),. and from further computed results, it was found 
that the conditions for the existence and cancellation of 
super-harmonics were mainly the same as the conditions which 
apply to sub-harmonics; that is to say:
(i) All triplen harmonics (of order: 3,6,9, —— ,3iO whicli
197
exist in the LINE to B.C. NEUTRAL voltages, completely cancel 
in the LINE to LINE voltage, provided:
= and
(ii) All even harmonics (of order: 2,M,6, ——,2n) are 
eliminated from the LINE to D.C. NEUTRAL voltages and therefore 
from the LINE to LINE voltages provided:
fc _ (2n - 1)7m ~ (2m - 1)> where n > m
(iii) Both even order and odd order harmonics can be 
present in the LINE to LINE voltage waveforms when:
(a) fc (2n -1), K•H— = ——*——-> where n > m1m 2m
or (b) fc 2n•jrr = TO-——T-S where n > mim (,2m - Ij
(iv) The higher the value of frequency ratio, ^-, the 
smaller the amplitude of the most significant harmonics. 
(5.2.3) Interim_Conclusions
It has been shown analytically that the natural sampled, 
prior-art technique of generating double-edge p,w.m.waveforms 
in the asynchronous-mode, introduces many undesriable features:
(1) Direct voltage components are introduced into the 
harmonic spectra of the LINE to LINE voltage waveforms when:
-— < 9.
fm
(2) Similarly sub-harmonic components of voltage exist
f c 
in the LINE to LINE voltage waveforms for values of, -^. less
than 'ten'.
(3) Slight amplitude unbalance and/or phase unbalance 
between the wanted harmonic components has been shown to exist 
for certain low, non-integer values of frequency ratio.
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(5.3) The Application of Regular Sampling Techniques 
To the Asynchronous Mode of Generating P.W.M.. 
Control Waveforms.
It was shown in Chapter (4), that the application of 
regular sampling techniques, completely eradicated the many 
undesriable features of the prior-art, natural sampled, 
synchronised-mode p. w.m. control schemes. It was therefore 
thought that the application of the same techniques to the 
prior-art asynchronous-mode p. w.m. control schemes may again 
overcome the many disadvantages which have been shown to 
exist. It is of particular importance at this point, to 
again emphasise, that the application of regular sampling 
techniques to p. w.m. power converter control circuits, is 
entirely novel.
(5.3.1) Analy_tical_Investigation_Into_the_Ap_p_lication 
of Regular Sampling Techniques to the 
Asynchronous Mode of Generating Double-Edge 
P. W.M. Waveforms
Harmonic spectra for both the LINE to D.C. NEUTRAL voltage 
waveforms and LINE to LINE voltage waveforms were computed 
for both the regular sampled symmetrical double-edge p. w.m. 
process and the regular sampled asymmetrical double-edge 
p. w.m. process for non-integer values of frequency ratio. 
(5.3.1.1) D^C
The computed results for both the regular sampled 
symmetrical modulation process and regular sampled asymmetrical 
modulation process demonstrated that the direct voltage 
components were completely eliminated from the harmonic spectra
19':
of the output modulated voltage waveforms for non-integer 
values of frequency ratio.
(5.3.1.2) §ub-Karmonic_Volta£e Components
Fig. (5. 13) illustrates the first twenty harmonics of the 
LINE to LINE voltage waveforms for the natural sampled double- 
edge p.w.m, process, the regular sampled symmetrical p.w.m. 
process and regular sampled asymmetrical p.w.m. process for 
frequency ratio values of: 1-k 2™, and 3^, and a modulation
index of unity. It is quite evident from these results that 
regular sampling significantly reduces the amplitude of the 
sub-harmonics voltage components when compared with natural 
sampling. For a frequency ratio of: lr» the regular sampled
symmetrical p.w.m. process proves to be one exception. The
f c 1reason for this exception is that -3— - I-T^J is less than thefm 17
(fc ) minimum frequency ratio value /^— > 2( specified by the
limitation of the regular sampling process when applied to 
symmetrical p.w.m. This point was enlarged upon in Section 
(3.9.5) of Chapter (3) in this thesis.
Therefore from the results illustrated in Fig. (5. 13) and 
further computed results it can be concluded that the 
application of regular sampling techniques approximately
eliminates all sub-harmonic voltage components for all values
(fc ) of frequency ratio greater than 'two' ^ > 2, and all values
of modulation index between 'zero' and 'unity'. It is 
important to again emphasise at this point that for the natural 
sampled p.w.m. process, sub-harmonic voltage components orJy 
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(5.3.1.3) Want ed_Harmonic_Com]3onent s
It was shown in Section (5.2.2.2c) of this thesis that for 
natural sampled p.w.m,at non-integer values of frequency ratio, 
the degree of amplitude and/or phase unbalance between 
respective wanted harmonic components was generally insignificant 
However, for the few cases where unbalance did occur, the 
regular sampled asymmetrical double-edge p.w.m. process 
completely eradicated these undesriable effects.
(5.3.1.4) Su2§r-Harmonic_Comgonents
It may be seen from Pig.(5.13), that for a frequency ratio 
of 2y~, the first twenty harmonic components in the LINE to 
LINE voltage waveforms for both natural sampled double-edge 
p.w.m.and regular sampled asymmetrical double-edge p.w.m, does 
not contain super-harmonic components, whereas, for the 
regular sampled symmetrical double-edge p.w.m.process a super- 
harmonic of 95% is included. Fig.(5.1*0 further illustrated 
the harmonic elimination property of the regular sampled 
asymmetrical double-edge p.w.m.process.
It may therefore be concluded, that the regular sampled 
asymmetrical double-edge p.w.m.process is considerably superior 
to'both the natural sampled double-edge p.w.m.process and 
the regular sampled symmetrical double-edge p.w.m.process so 
far as the elimination of super-harmonic components is concerned.
(5.3.1.5) Ip£§£iS_22S2iM§i22s.
The analytical results have shown that the regular sampled 
asymmetrical double-edge p.w.m.process is superior to existing 
p.w.m,processes because:
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the output LINE to LINE voltage waveforms.
(ii) The amplitudes of sub-harmonic voltage components 
are reduced to an insignificant value which allows the useable 
frequency range of the p.w.m,control generator to be increased 
from:
10 < ~- < co
to
(iii) The most significant super-harmonic voltage 
components in the output LINE to LINE voltage waveforms are 
reduced in amplitude to an insignificant value.
(5.3.2) Ex£erimental_InvestigatIon_Into_the
A light electronic control circuit was constructed which 
simulated the natural sampled double-edge p.w.m. process, the 
regular sampled symmetrical double-edge p.w.m. process and 
the regular sampled asymmetrical double-edge p.w.m. process. 
This circuit provided a means of comparing the analytical 
results for the three p.w.m.processes with the experimental 
results and also allowed a direct comparison to be made of the 
experimental results for the three p.w.m.processes.
(5.3.2.1) Light_Electronic_Control_SY§tem_which_ 
Simulated_the_Three_PilW._M._Processes,
A block diagram of this control system is shown in Fig. 
(5.15a), and it is particularly interesting to observe that 
when the novel regular sampled p.w.m.control schemes are 
compared with the prior-art p.w.m.control scheme illustrated 
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Swi tch In 5 
Posi tion (b )
P.W.M. Switch 
Posi ti on (d )
Regul ar-Sampli ng- 
Swi tch In Posi ti en 
(a). P.W.M.- 
Swi tch In ' 
Posi ti on (c )
Regular-Sanipl ing- 
Switch In Position 
(b). P.W.M. - 
Switch In ' 
Position (c )
-fir—
FIG.(5.15b) WAVEFORMS AT POINTS INDEICATED ON BLOCK DIAGRAM ILLUSTRATED IN FIG.(5.15a) FOR ONE PHASE ONLY.
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sampled symmetrical and asymmetrical double-edge p.w.m, is 
achieved at a cost of only three sample-and-hold circuits. 
The three-phase modulating wave generator generates three- 
phase sinusoidal waveforms which are variable in both 
amplitude and phase. The three-phase sample-and-hold circuits 
regularly samples the three-phase modulating waves at the 
carrier frequency or twice the carrier frequency. The single- 
phase carrier-wave generator generates both a rectangular 
waveform and an iscoceles-triangular-waveform where both 
waveforms are of constant amplitude and frequency and 
synchronised in time-phase. The differentiating circuit 
supplies the regular sample switching pulses to the three- 
phase sample-and-hold circuit. The three-phase comparator 
circuit compares the modulating wave or regular sampled 
modulating wave with the r single phase carrier wave and thus 
produces the p.w.m control waves. The p.w.m mode-switch 
selects either natural sampled p.w.m or regular sampled p.w.m 
whereas, the regular sampling switch selects either regular 
sampled symmetrical p.w.m or regular sampled asymmetrical 
p.w.m. The waveforms at the various numbered points in the 
block diagram are illustrated in Fig.(5.15b). The three- 
phase comparator circuit was made to supply three, Ikfi 
resistors connected in star as illustrated in Fig.(5.l6). 
OscillQgrams of the true LINE to LINE and LINE to D.C. NEUTHA.L 
voltage waveforms are illustrated in PLATE (5.1). A schematic 
diagram of the light electronic control scheme illustrated 
in Fig.(5.15a) is included in Appendix (5).
207
Line To D.C. Neutral Voltage Waveforms
Line To Line Voltage Waveforms
PLATE (5.1). OSCILLOGRAMS OP LINE TO NEUTRAL AND 
































































































































































































































The measurements technique used for the asynchronous-mode 
of operation was the same as the measurements technique used 
for the synchronous mode of operation described in Section 
(4.2.2.1) of this thesis. However, it is important to again 
emphasise that the carrier wave and modulating waves were 
synchronised in time-phase in the synchronous-mode of 
operation, whereas, the carrier wave and modulating waves 
are asynchronous in the asynchronous-mode being presented 
in this chapter. Because of this asynchronism between the 
carrier wave and modulating waves the measuring of harmonic 
amplitudes and phase was complicated by a 'beat effect 1 of 
the meter movement of the waveform analyser.
When the wave analyser was connected between LINES or 
between a LINE and the D.C. NEUTRAL of the circuit illustrated 
in Fig.(5.16) and the carrier frequency to modulating 
frequency ratio set to a low non-integer value/-s— < *K, 
it was observed for both natural sampled double-edge p.w.m. 
and regular sampled symmetrical double-edge p.w.m.that the 
meter-movement oscillated when the wave analyser had been 
tuned to the wanted harmonic component. However, for the 
regular sampled asymmetrical double-edge p.w.m.process it was 
observed that the amplitude of oscillation of the meter 
movement was practically eliminated. It was therefore decided 
to investigate the 'beating effect' of the meter movement.
(5.3.2.3) Beat _Ef feet ..Phenomenon^
Basically there are two possible means by which the r beat 
effect' can occur: (i) the meter movement responds to two or
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more harmonic components where the amplitudes of the harmonic 
components remain constant, or (ii) the meter movement 
responds to one harmonic component where the amplitude of 
the harmonic component is varying with time. Any other 
'heat effect* must be a result of the combination of these 
two means.
Because the waveform analysers (Muirhead, D-788A), being 
used in the experimentation were the most 'selective' at 
the time, it was only possible to make an analytical 
investigation. The computer programs which have already been 
referred to in this thesis were modified to compute: (a) the 
amplitude of the harmonic components as a percentage of the 
d.c. supply and (b) the fundamental repetition frequency 
(fr) of the p.w.m.complex voltage waveforms. The results of 
the investigation suggested:
(1) The 'beat effect' due to the change in amplitude of 
the wanted harmonic component resulting from a change in 
frequency ratio was very small (.less than 1$), that is to say: 
if the frequency ratio was set to 2-^ 3 for example and the 
freouency ratio is then assumed to drift to 2^-, the change 
in amplitude of the wanted harmonic component was less than
1%.
(2) The fundamental repetition frequency which is the 
lowest possible frequency interval between adjacent harmonics 
can be very small for non-integer values of frequency 
ratio near integer values. For example consider the carrier 
frequency, fc, is set at 300 Hz, then for a frequency ratio,
l£ = 3.1 the fundamental repetition frequency, fr, is equal
1 ("*
to 5.77 Hz, whereas, for a frequency ratio, ^ = 3i, the
211
fundamental repetition frequency, fr, is equa] to 42.86 Hz. 
This dependence of the fundamental repetition frequency on the 
value of frequency ratio can be expressed algebraically as 
follows:
let fjjj = jf, where M > N
and where the 'highest common factor' of M and N is unity,
then, |H = N or fm = N.fr
therefore, N.fr = .fc or fr = ~,
therefore, when M » fc. fr •»• 0.
From the analytical results it may therefore be concluded 
that the 'beat effect' phenomenon of the meter movement of 
the waveform analyser is entirely due to the presence of the 
wanted harmonic component plus sub-harmonic components and/or 
super-harmonic components lying within the 10 Hz flat-top 
selective pass-band of the waveform analyser. Therefore, it 
may also be concluded that the reason for the observed 'beat 
effect' in the natural sampled double-edge p. w.m. process for 
values of frequency ratio given by:
i<i<"
was due to sub-harmonics and super-harmonics lying within 
the 10 Hz pass-band of the wave analyser; whereas, the reason 
for the observed 'beat effect' in the regular sampled 
symmetrical double-edge p. w.m. process was due to Lhe presence 
of the wanted harmonic component and the large super-harmonic 
components only, lying within tlie 10 Hz pass-band. Similarly 
the reason for the absence of the 'beat effect' in the 
regular sampled asymmetrical double-edge p. w.m. process was
212
because the wanted harmonic component only existed in the 
10 Hz pass-band of the wave analyser; the sub-harmonic 
components and most significant super-harmonic components 
being eliminated by the asymmetrical p.w.m. process. This 
supports the computed harmonic spectra illustrated in both 
Fig. (5.13) and Fig. (5.1*0.
(5.3.2.4) Experimental_Results
Because of the 'beat effect' phenomenon experimental results 
could only be determined for values of frequency ratio where 
the fundamental repetition frequency was greater than the 10 
Hz. pass-band of the waveform analyser, or, where sub-harmonic 
components and super-harmonic components inside the 10 Hz 
pass-band cancelled or were eliminated by the modulation 
process. To reduce the possibility of more than one harmonic 
component lying within the pass-band of the waveform analyser, 
the carrier frequency, fc, was set at 4000 Hz. Whilst such 
a high value of carrier frequency is possible with the p.w.m, 
control waveform generator, such a high value is not possible 
when the p.w.m,control generator is made to drive the thyristor 
power converter. This point will be enlarged upon in Chapter 
(6). In order to eliminate the possibility of a change in the 
chosen value of frequency ratio as a result of frequency drift, 
the carrier frequency and modulating frequency were held 
rigorously constant. Fig.(5.17), Fig.(5.l8) and Fig,(5.19) 
illustrates and compares experimental results with analytical 
results for the three double-edge p.w.m.processes, where it 
may be seen that good correlation is achieved. The slight 
difference which exists between the theoretical results and 
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in the physical p.w.m.processes.
(5.3.3) l££erim_Conclusions_
An asynchronous p.w.m.control scheme has been introduced, 
which allows the frequency ratio to theoretically vary 
between the limits:
However, it has been shown that the practical range of 
frequency ratio variation for the prior-art natural sampled 
double-edge p.w.m.process is limited to:
10 < ^- < oo
because of the presence of sub-harmonics and d.c. components 
in the output p.w.m. voltage spectra. It has been shown that 
the application of regular sampling, which is a well known 
concept in telecommunications practice but which has not 
previously been applied to p.w.m, power converter control 
circuits, eradicates the undesirable sub-harmonic and d.c. 
components from the output p.w.m.voltage spectra which increases 
the practical range of frequency ratio variation to:
The 'beat effect' phenomenon which has been known to exist 
in prior-art asynchronous-mode p.w.m.converter systems but 
which has not previously been investigated has now been 
analysed, and it has been demonstrated that the novel regular 
sampled asynchronous-mode p.w.m.control scheme almost eliminates 
this undesirable phenomenon for all non-integer values of 
frequency ratio.
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(6) POWER CONVERTOR AND TRIGGER PULSE CIRCUITS
(6.1) Introduction
The two preceding chapters of this thesis have demonstrated 
both analytically and experimentally that the application of 
regular sampling techniques to the p.w.m.control signal 
generator circuits, eradicates many of the undesirable 
features which have existed in prior-art synchronous-mode and 
asynchronous-mode p.w.m, systems. It therefore only remains 
to be shown that the novel regular sampled asymmetrical double- 
edge p.w.m.process also improves the output voltage harmonic 
spectra of the thyristor power converter. However, because 
the p.w.m.power converter is basically a power amplifier, 
the percentage amplitude of the harmonic voltage components 
at the output of the power converter should be identical to 
the percentage amplitude of the harmonic voltage components 
at the output of the p.w.m.control signal generator, provided, 
the power converter has a flat-top frequency response. It is 
this aspect of the project which will be investigated in this 
chapter.
The investigation was aided by the design and construction 
of a '5 KVA, 240 volt three-phase, auxiliary impulse commutated 
thyristor inverter'. A photograph of the converter is shown 
in PLATE (6.1). This particular converter configuration was 
chosen for the reasons given in Section (2.3) of this thesis.
(6.2) Design Details of the Practical P.W.M.Power
Converter
A schematic layout of the complete power converter is shown 
in Fig.(6.1). The power circuit and gating circuit can be
218












































































































































































































































divided into several sections, each section performing a 
distinct function within the overall system. It was therefore 
decided to describe each section of the system separately. 
(6.2.1) Three=Phase_yncontrolled_AiC i_toDC.
A circuit diagram of this section of the converter is shown 
in Pig. (6. 2). It may be seen to consist of a three-phase 
diode bridge (Mullard Three-Phase Rectifier Diode Stack, Type 
OSKUO - 600), across the output of which is connected an 
electrolytic capacitor (5,OOOyF, 350 volts). The capacitors 
were inserted for mainly two reasons: (1) to smooth the d.c. 
link voltage and (2) to receive the V.Ar. from the inverter 
when supplying an inductive load. The converter provided 
a maximum d.c. link voltage of mean-value 228 volts, with a 
full-load ripple-factor and regulation of 1.4$ and Q% 
respectively.
(6.2.2) Three-Phase_AuxiliarY_Im2ulse_Commutat ed 
Th^ristor_Inverter
It may be seen from the circuit diagram illustrated in 
Fig. (6. 3) that the three-phase thyristor power inverter 
basically consists of three identical single-phase, half- 
bridge auxiliary impulse commutated circuits. The reasons 
for the choice of the half-bridge auxiliary impulse commutated 
inverter along with a description of its operation, was 
presented in Section (2.3) of this thesis. All thyristors used 
in the power inverter were of inverter-grade (Mullard, Type: 
BTV/30 - 600), whereas, the diodes were of the fast-recovery 




















































































































































































































































































































inductor and the 60yR commutating -choke were of the air-cored 
type. The lyF commutating capacitor and the O.lyF snubber 
capacitor were both of the resin moulded metallised 
polycarbonate type (I.T.T Types: P.M.A.1.0 M400 and P.M.A.0.1 
M400 respectively). The values of the various components 
were determined by means of the design equations included 
in Ref.C 5 ).
Each of the three half-bridge circuits of the three-phase 
inverter were controlled by each respective phase of the 
three-phase p.w.m,control generator via steering circuits and 
trigger-pulse-amplifiers. The possibility of short circuits 
occurring between the d.c. link bus-bars was prevented by 
inhibition circuits. 
(6.2.3)
The switching sequence and commutating sequence of the 
thyristors in each phase of the power converter, are 
determined by the polarity of the pulses of the respective 
p.w.m. control waveform from the three-phase p.w.m.control 
signal generator. However, because series connected thyristors 
exist across the d.c. link bus-bars, it became necessary to 
detect the conduction-state of these thyristors and so prevent 
the possibility of short circuits occurring.
Consider:
G(T1) = trigger pulses applied to gate of
thyristor Tl 
G(T2a)= trigger pulses applied to gace of
thyristcr T2a. 
G(T2) = trigger pulses applied to gate of
thyristor T2.
224
G(Tla) = trigger pulses applied to gate of
thyristor Tla
(P.W.M) = p.w.m control signal is at (+V) 
(P.W.M) = » " « it n r ..v ^
= thyristor Tl is in ON - state
— " ip2 " " " n
= " Tla " " " "
= n T2a " " " "






(T2) = " T2 » » » »
(Tla) = " Tla " " " "
(T2a) = " T2a " " " "
then the conditions for triggering of the thyristors in phase 
(A) of the power converters without the possibility of short 
circuits occuring can be expressed in terms of Boolean algebra 
as follows:
G(T1) = (P.W.M). (T2") = (P.W.M).' + (T2) ——(6.1)
G(T2a) = (P.W.M). (Tla)= (P.W.M). + (Tla) ——(6.2)
G(T2) = (P.W.M). (Tl) = (P.W.M). + (Tl) ——(6.3)
G(Tla) = (P.W.M). (T2a)= (P.W.M). + (T2a) ——(6.4)
The triggering requirements for thyristors Tl and T2a, T2 and 
Tla are determined by equations (6.1) and (6.2) and equations 
(6.3) and (6.4) respectively. The practical implementation 
of these conditions is illustrated in Fig.(6,4). The 
conduction-state of the thyristors was detected by the opto- 
coupling devices (TILlll). When the thyristors were in the 












































































































































































































































































































(logic "1") whereas, when the thyristors were in the 
conducting-state the output voltage signals from the opto- 
couplers were negative (logic "0"). The output voltage 
signals from the opto-couplers were amplified by the open- 
loop amplifiers (1). The output voltage signals from the 
open-loop amplifiers, along with the buffered (2) p.w.m 
control signals or their negation (5) were then applied to 
the input of CMOS NOR-gates (4). The output signals from 
the NOR-gates (4) were then buffered (3) and applied to the 
inputs of the trigger pulse amplifiers.
The start switches provided a means of initially charging 
the commutating capacitors. With the p.w.m control signals 
isolated from the buffer amplifiers and the start-switches 
closed, thyristors: Tl, T4 and T6 were triggered into 
conduction. The start switches were then opened, but the 
three thyristors remained in conduction. The application of 
the p.w.m control signals to the buffer amplifiers (2) along 
with the logic control signals from the opto-couplers (T1L111) 
via open loop amplifiers (1) supplied the trigger-pulse 
amplififers via NOR-gates (4) and buffer amplifiers (3), with 
the appropriate control signals.
Shut-down of the power inverter was achieved by means of 
the stop switches. With the p.w.m control signals removed 
from the inputs to the buffer amplifier (2), the stop switches 
were closed which resulted in the application of trigger 
pulses to the three auxiliary thyristors: T2a, T4a and T6a. 
The triggering of these auxiliary thyristors caused the 
commutation of any of the three main thyristors: T2, T4 and
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T6, which might have been conducting. Therefore, because all 
return paths for the load-current to the negative bus-bar 
were closed, anyone of the main thyristors: Tl, T3 and T5, 
which might have been conducting were also commutated. 
(6.2.4) Trigger_Pulse_Am2lifiers
The output trigger pulse control signals: G(T1), G(T2a) 
G(T2), and G(Tla) from the inhibition and steering circuits 
were applied to the gates of the respective thyristors (Tl, 
T2a, T2 and Tla) via: common emitter amplifiers, trigger 
pulse amplifers and pulse transformers. The power 
amplification stage of the control circuits is illustrated in 
Pig.(6.5). The common emitter amplifier stages inverts the 
input trigger control signals (G(.T1), GCT2a), G(.T2) and 
G(Tla)) and changes the voltage level of the control signal 
from 5 volts to 24 volts. The output voltage control signals 
were fed directly to the inputs of the trigger pulse 
amplifiers. The trigger pulse amplifiers were circuit 
modules (Mullard, 61 Series, Type - UPA61) which mainly 
consisted of: a voltage level detector circuit, a pulse 
amplifier and an emitter follower, which were inter­ 
connected as shown. The output ...pulses from the trigger pulse 
modules were supplied to the gates of respective thyristors 
via pulse transformer modules (Mullard, 6l Series, Type - 
TT6l). The pulse transformers provided isolation of the 
power converter circuit from the light current control and 
drive circuits. The synchronisation of the (-hyristor-gate- 
trigger-pulses with the p.w.m control signal Tor one phase 
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FIG '6 6) SYNCHRONISATION OF THYRISTOR GATE TRIGGER PULSES 
'' WITH THE P.W.M. CONTROL SIGNAL.
230
duration of the trigger pulses was designed for 1:2 and 
20y sees, respectively. The 20y second pulse duration time 
was achieved by means of the O.Oly F. capacitors. The time- 
delay, D, between the edges of the p.w.m control signal 
(P.W.M.) and the output voltage control pulses from the 
common emitter (C.E) amplifiers was due to the presence of 
the inhibition signals at the inputs to the NOR-gates in 
the inhibition and steering circuits.
(6.3) Experimental Results
The three-phase power inverter was made to supply a three 
phase, three-wire resistive load. LINE to LINE voltage 
harmonic spectra were measured for both the synchronous-mode 
of operation and asynchronous-mode of operation for both 
the natural sampled double-edge p.w.m process and the 
regular sampled asymmetrical double-edge p.w.m process. 
The amplitudes of the harmonic voltage components were 
measured by means of a low frequency wave analyser. The 
measurements technique was the same as the technique 
described in both Chapters (4) and (5) of this thesis. The 
d.c. link voltage to the inverter was adjusted to approximately 
100 volts by means of a three-phase variac at the input to 
the three-phase diode bridge rectifier.
This value of voltage was then held constant for both 
modes of operation. Because the commutating capability of 
the thyristor inverter was designed for a maximum frequency 
of 500 Hz, it was decided to limit the frequency of the 
carrier signal to approximately 30C Hz.
(6.3.1) Sv_nchronous--Mode_of _0p_er at ion
This mode of operation was achieved by driving the thyristor
23-L
power inverter by means of the synchronous-Mode p.w.m 
control signal generators described in Sections (4.2.3) and 
(4.3.2) of this thesis. The frequency of the fundamental 
harmonic component and the depth of modulation was selected 
by means of the three-phase, sinusoidal modulating wave 
generator, whereas, the frequency ratio was chosen by the 
selector switch of the programmable divide by "N" counter.
(6.3.1.1) fm = 20 Hz s~ = 3, Mod.Index = 0.5
Prom the results illustrated in Pig.(6.7a) and Fig.(6.?b) 
it may be seen that for both natural sampling, and regular 
sampling good correlation exists between the computed 
results and the experimental results. It may also be seen 
that the regular sampling asymmetrical double-edge p.w.m 
process reduces the amplitude of the most significant harmonic: 
the 100 Hz component was reduced by approximately 35%. 
However, the 140 Hz component is increased by approximately 
22$. For both modulation process, the wanted components formed 
a balanced positive-sequence set.
(6.3.1.2) fm = 30 Hz,^£ = 4, Mod.Index = 0.5
The results shown in Fig.(6.8a) and Fig.(6.8b) again 
illustrates the good correlation between theoretical results 
and experimental results. It is equally apparent that the 
regular sampled asymmetrical double-edge p.w.m process reduceo 
the amplitude of the 60 Hz component by approximately 60$, 
whereas, the 150 Hz component is eliminated. For the natural 
sampled p.w.m process it was found that slight amplitude 
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whereas, for the regular sampled p.w.m process unbalance of 
the wanted harmonic components could not be detected. 
Similarly the natural sampled p.w.m process introduced small 
d.c. componnts (approximately 1%) into the LINE to LINE 
voltage, whereas, d.c.components could not be detected in the 
regular sampled p.w.m. process.
(6.3.1.3) fc = 40 Hz,|£ = 5,Mod Index = 0.5
Pig.(6.9a) and Fig.(6.9b) illustrates the theoretical and 
experimental results for these values of modulating frequency, 
frequency ratio and modulation index, and it is immediately 
apparent that good correlation again exists between the 
theoretical and experimental results for each p.w.m process. 
The regular sampling process may again be seen to reduce the 
amplitude of the most significant harmonic components(the 120 
Hz component) by approximately 50$, whereas, the 200 Hz 
component is eliminated. For the natural sampled p.w.m 
process the amplitudes of the wanted harmonic component were 
found to be unbalanced by approximately 2$, whereas, for the 
regular sampled p.w.m process, the wanted harmonic components 




The amplitude of the fundamental harmonic component of the 
output LINE to LINE voltage was recorded for various values 
of modulation index between zero and unity and for different 
values of integer frequency ratio. The relationship between 
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index was found to be strictly linear for both the natural 
sampled double-edge p.w.m process and the regular sampled 
asymmetrical double-edge p.w.m process.
(6.3.2) Asy_nchronous;;Mode_of _0p_eration
The power inverter stage was driven by the asynchronous 
p.w.m control scheme presented in Section (5.3.2) of this 
thesis. The magnitude and frequency of the wanted harmonic 
component of the output LINE to LINE p.w.m voltage waveform 
from the power inverter was again varied by varying the 
magnitude and frequency of the sinusoidal three-phase 
modulating wave generator. The frequency of the single-phase 
triangular carrier wave was maintained constant at 300 Hz. 
The carrier frequency and chosen values of modulating 
frequency were held rigorously constant when the measurement 
of harmonic components was being made. This was done to 
avoid any change in the fundamental repetition frequency as 
a result of frequency drift.
(6.3.2.1) f c_= _i*Q_Hz A_Modulat ion_Index_=_<X95
From the results illustrated in Fig.(6.10) it may be seen 
that reasonable correlation exists between the theoretical 
results and experimental results. It may also be seen that 
the novel regular sampled asymmetrical double-edge p.w.m 
process is again superior to the prior-art natural sampled 
p.w.m process, because, it eliminates the small 20 Hz 
sub-harmonic component, and the 200 Hz and 280 Hz super- 
harmonic components. However, the 40 Hz wanted harmonic 
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(.6.3,2.2) fn}_=_90_Hz i_Modulat ion_Index_5_g±9 5
The results illustrated in Fig. (6. 11) again demonstrates 
the superiority of the novel regular sampled asymmetrical 
double-edge p.w.m process over the prior-art natural sampled 
double-edge p.w.m process. The 60 Hz. sub-harmonic component, 
150 Hz and 240 Hz super-harmonic components are totally 
eliminated, whereas, the 120 Hz super-harmonic component is 
reduced by approximately 20%. For both p.w.m processes, the 
90 Hz wanted harmonic components again formed balanced 
positive-sequence sets.
(6.3.2.3) f i_=
It may be seen from Fig.(6.12a) that when the frequency of 
the modulating wave was increased to 140 Hz, the natural 
sampling process introduced a 20 Hz sub-harmonic component of 
approximately 30$, and a 100 Hz sub-harmonic component of 
approximately 6%. However it may be seen from Fig.(6.12b) 
that the novel regular sampled asymmetrical p.w.m process 
almost eliminates the 20 Hz, sub-harmonic component and totally 
eliminates the 100 Hz sub-harmonic component. It is equally 
apparent that the regular sampling process almost eliminates 
the 220 Hz and 260 Hz super-harmonic components which existed 
in the natural sampled system.
(6.3.3) Inter im_Ccnclusions
A three-phase auxiliary impulse commutated thyri^tor inverter, 
which incorporated inhibition in the gating circuits has been 
presented. The inhibition was a success because it greatly 
reduced the commutation failures which occurred when the 
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Good correlation was achieved between the theoretical 
results and the experimental results measured at the output 
of the power inverter. The degree of correlation was 
greater for the regular sampling p.w.m process than for the 
natural sampled p.w.m process. This difference was probably 
attributable to the comparator comparing a triangular waveform 
with a horizontal line in the regular sampled system, whereas 
the comparator compared a triangular waveform with a sinewave 
in the natural sampled system.
The novel regular sampled asymmetrical p.w.m process again 
reduced or eliminated the most significant harmonic components 
which existed in the prior-art natural sampled p.w.m process, 
thus increasing the allowable frequency range of operation. 
It is also of considerable importance to note that many of 
the sub-harmonic components introduced by the natural sampled 
system were of reverse phase-sequence.
242
X7) CONCLUSIONS
The fundamental rules of frequency ch.ang5.ng have been 
established, and it has been shown that all power inverters 
are basically pulse modulators. The various pulse modulation 
processes have been analysed, and it has been shown that the 
p.w.m. process is most suited to power modulators intended for 
infinitely variable induction motor speed control systems. 
Prior-art harmonic elimination techniques in power inverters 
have been analysed and it has been demonstrated that such 
techniques are not applicable to variable voltage/variable 
frequency inverters without requiring added power components 
and transformers. The addition of such components increases 
the cost of power inverters and decreases their attractiveness, 
thus making the inverter/induction motor speed control system 
less competetive with the d.c. motor/thyristor drive systems.
The modulation process in existing p.w.m power inverters 
has been studied in depth, and it has been shown that natural 
sampling is inherent in these systems. Although natural 
sampling is a well established concept in communication 
systems, it does not appear to have been previously identified 
in existing p.w.m. power inverters. The limitations of the 
natural sampling processes were therefore investigated, and 
it was shown that for a modulation index of unity the minimum 
values of frequency ratio for single-edge p.w.m. and double- 
edge p.w.m. were: TT and |- respectively. However, regular 
sampling which is also a well established technique in 
communication practice but which has not previously been 
applied to p.w.m, power inverters, was introduced and it was 
found that the minimum values of frequency ratio for the
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regular sampled 'symmetrical' and 'asymmetrical' p.w.m processes 
were 'two' and 'one' respectively. It was also shown that 
regular sampling can be achieved at a cost oi1 only one 
sample-and-hold circuit per phase.
The natural sampled single-edge and double-edge p.w.m 
processes were analysed by means of a digital computer, and 
it was found that the double-edge p.w.m process was superior 
to the single-edge process for all values of integer frequency 
ratio for mainly two reasons: (a) for single-edge p.w.m even 
order and odd order harmonics are always present in the LINE 
to LINE voltage spectra, (b) less harmonic cancellation occurs 
in single-edge p.w.m systems than in double-edge p.w.m systems.
The synchronous mode of generating natural sampled double- 
edge p.w.m, regular sampled symmetrical double-edge p.w.m and 
regular sampled asymmetrical double-edge p.w.m was analysed 
by means of a digital computer. The theoretical results were 
inititally verified by means of a light current p.w.m control 
signal generator which simulated the three p.w.m process. 
It was found that the theoretical results and experimental 
results provided good correlation. However, the novel 
regular sampled asymmetrical p.w.m process proved to be the 
most superior of the three double-edge p.w.m processes for 
the following reasons:
(1) Direct voltage components were completely eliminated 
from the LINE to LINE voltage waveforms for all integer 
values of frequency ratio.
(2) The amplitude and phase unbalance of nhe fundamental 
harmonic components which occured for low non-triple integer
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values of frequency ratio was eliminated.
(3) The amplitudes of the most significant unwanted 
harmonic components were reduced by a considerable amount 
for all low integer vales of frequency ratio.
The amplitude of the fundamental harmonic component for 
both the prior-art natural sampled p.w.m process and the 
novel regular sampled asymmetrical double-edge p.w.m process 
was found to be directly proportional to the modulation 
index for all integer values of frequency ratio.
The asynchronous mode of p.w.m was investigated 
analytically by means of a digital computer. It was found 
that for the prior-art natural sampled p.w.m process, sub- 
harmonic voltage components and direct voltage components 
were introduced into the output LINE to LINE voltage spectra 
for frequency ratio values less than T ten'. However, the 
analytical results again demonstrated that the novel regular 
sampled asymmetrical p.w.m process completely eradicated the 
direct voltage components and reduced the amplitudes of the 
unwanted sub-harmonic, voltage components to an insignificant 
value (less than 1% of wanted component), thus, allowing the 
minimum value of frequency ratio to be reduced to approximately 
'two'. A light current p.w.m control circuit was constructed 
which simulated the two p.w.m process in the asynchronous 
mode. The experimental results obtained from the light 
current control circuit, verified the theoretical results 
for both'p.w.m processes. The 'beat effect' phenomena was 
investigated and it was shown to be due to the variation in 
the fundamental repetition frequency' resulting from
frequency drift. Any amplitude or phase unbalance of the 
wanted harmonic components was also shown to be due to the 
natural sampling process and not the asynchronous mode of 
operation. The results of the investigation also illustrated 
that the novel regular sampled asymmetrical double-edge p.w.m 
process almost eradicated the 'beat effect 1 phenomena because 
it eliminated or reduced sub-harmonic components and the most 
significant super-harmonic components which lay within the 
pass-band of the waveform analyser when the sampling process 
was natural.
A three-phase, 5KVA, auxiliary impulse commutated thyristor 
power converter was designed and constructed and made to 
supply a three-phase, three-wire resistive load. The converter 
was designed for a maximum carrier frequency of 300 Hz, which 
is a typical value for present day p.w.m. thyristor inverters. 
The light current synchronous mode and asynchronous mode p.w.m 
control circuits were made to drive the power inverter via: 
inhibition circuits, steering circuits and trigger-pulse 
amplifiers. Harmonic voltage spectra were measured for both 
the synchronous mode of operation and asynchronous mode of 
operation and for both the natural sampled double-edge p.w.m 
process and regular sampled asymmetrical double-edge p.w.m 
process. The experimentally determined harmonic spectra for 
the power converter agreed with both the computed spectra and 
the experimental spectra for the light current p.w.m generator 
circuits. This confirmed that the frequency response of the 
power converter was flat-topped.
It may therefore be concluded that the philosophy of
applying sampling techniques which are common in communication 
engineering but which have nut previously been applied to 
p.w.m power converters, considerably increases the usable 
frequency range of p.w.m power converters without decreasing 
the efficiency of the converters or increasing the number of 
power components and cost.
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Control Circuit For Synchronous Mode,. Natural Sampled,
Double-Edge P.W.M. Process.
It may be seen from Pig. (10.1) that this control circuit 
mainly consists of a three-phase modulating wave generator, 
a schmitt trigger, phase locked loop and a three-phase 
comparator. However, it may also be seen that the phase 
locked loop circuit consists of: a phase comparator, low 
pass filter, phase splitter, voltage controlled triangular 
wave oscillator, schmitt trigger and a programmable divide 
"N" counter.
This consisted of a standard laboratory three-phase 
signal generator, whose output voltage waveforms were 
sinusoidal. The amplitude and frequency of the output voltage 
signals could be varied in both amplitude and frequency. 
§c]imitt_Trigger
This circuit converts the PHASE (A) sinusoidal modulating 
signal to a rectangular pulse waveform. The circuit consists 
of two inverter/buffer gates connected in cascade, a 100K 
feedback resistor and a Ik input resistor. These values of 
resistance reduced the hysteresis of the circuit to a
negligible amount.
Phase_Locked_Loop__Circuit
The output signals from the schmitt trigger and divide 
by "N" counter are fed to the two inputs of che phase 
comparator, which consists of an exclusive -OR gate. The 
output error signal from the phase comparator is proportional 























































































































































































































The low pass filter filters the output signal from the 
phase comparator and produces a direct voltage component 
proportional to the phase error.
The direct voltage component from the low pass filter is 
fed to the phase splitter which produces two output voltage 
signals displaced in time phase by 180°. The phase splitter 
circuit consists of a non inverting buffer amplifier and an 
inverting buffer amplifier connected in cascade.
The output voltage signals from the non-inverting buffer 
amplifier and inverting buffer amplifier are fed to 
potentiometers (1) and (2) respectively, of the voltage 
controlled triangular wave oscillator circuit. This circuit 
produces an isoceles triangular voltage waveform whose 
frequency is directly proportional to the direct voltage 
signals from the phase splitter. The symmetry of the 
triangular output voltage waveform from the integrator is 
set by means of potentiometers (1) and (2), whereas, the 
free-running frequency of the waveform is set by means of 
potentiometers (5) and (6) and capacitors (7) and (8). 
The positive and negative voltage levels to which the 
integrator integrates, are set by potentiometers (3) and 
(4) respectively. When the voltage levels on potentiometers 
(3) and (4) are set to +2 volts and -2 volts respectively, 
and NOR-gate (11) is at "logic 1" then the integrator will 
integrate to + 2 volts, at which time op-amp (13) will 
switch to +V causing NOR-gate (11) to go to "logic 0" and 
NOR-gate (12) to "logic 1", switch (9) then closes and 
switch (10) opens. This allows the integrator to integrate 
to -2 volts, at which time op-amp (1*0 will switch to +V
causing NOR-gate (12) to revert to "logic 0" and NOR-gate 
(11) to "logic 1". The cyclic process then repeats itself 
and so produces an output triangular voltage waveform 
which is symmetrical.
The output signal from the integrator is the 
triangular carrier signal which is then fed to the input of 
the three-phase comparators. The frequency of this signal 
is "N" times the modulating frequency, N.w . The output 
signal from the integrator is also fed to the schmitt 
trigger circuit, where the triangular waveform is converted 
to a rectangular pulse waveform.
The output rectangular pulse waveform from the schmitt 
trigger of frequency (w ) is fed to the input of the
O
programmable divide by "N" counter. The output signal from
the counter of frequency, Mc_, is then fed back to the input
N 
of the phase comparator circuit where it is phase and
frequency locked to the modulating signal of frequency,w. 
By closing switch "1", "2", "4" and "8" and combinations of




The output carrier signal of frequency, N.^m , from the 
voltage controlled oscillator circuit is fed to the inputs 
of the three comparator circuits along with the three 
modulating signals from the modulating wave generator. The 
comparator circuits consists of three op-amps (type - 301) 
in open loop mode which compares the single phase triangular 
carrier signal with the three sinusoidal modulating signals. 
The output signals from the three comparators are the three- 
phase p.w.m. control waveforms.
(iv)
APPENDIX (5)
Computer Programmes for :
Regular Sampled Symmetrical Double-Edge P.W.M.
Regular Sampled Asymmetrical Double-Edge P.W.M,
(i)
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APPENDIX
Control Circuit For Synchronous Mode, Regular Sampled^
Asymmetrical Double-Edge P.W.M. Process.
It may be seen from Fig.(10.2) that the control circuit 
for this p.w.m. process is identical to the circuit for the 
natural sampled p.w.m. process illustrated in Fig.(10.1) so 
far as the three-phase modulating wave generator, phase 
locked loop and comparator circuits are concerned. However, 
it is equally apparent from Fig.(10.2) that this regular 
sampled asymmetrical p.w.m. process requires a sample pulse 
generator circuit and a three-phase sample and hold circuit. 
Samgle_Pulse_Generator_Circuit
The rectangular pulse waveform taken from between the 
schmitt trigger and divide by "N" programmable counter is 
fed to the base of a common emitter amplifier (15), which 
is connected in cascade with a further common emitter 
amplifier (16). The output signals from the collectors of 
these amplifiers supply the pulse shaping networks which 
consists of the two lOOOpF capacitors and 560 ohm resistor. 
The current pulses drawn by the pulse shaping networks are 
then amplified by the emitter follower amplifier (17). The 
output pulses from amplifier (17) are synchronised with the 
output triangular carrier waveform from the phase locked 
loop and occur at instants corresponding to the positive and
negative apices.
Sam£le_And_Hold_Circuit
The output pulses from the sampling pulse generator circuit 






































































































































































































































































































































three modulating signals from the non-inverting buffer 
amplifiers (19) are then sampled at instants in time 
corresponding to the positive and negative apices of the 
triangular carrier wave, the samples being stored on the 
three 220QpF silver mica capacitors. The three regular 
sampled modulating waves are then fed to the non-inverting 




Control Circuit For Asynchronous Mode, Natural Sampled 
Double-Edge P.W.M., Regular Sampled, Symmetrical 
Double-Edge P.W.M. and Regular Sampled Asymmetrical 
Double-Edge P.W.M. 
The circuit which generates the triangular carrier wave
and the sampling pulses is illustrated in Pig.ClO.3a),
whereas, the sample-and-hold circuit and p.w.m. generator
circuit is illustrated in Fig. Cl0.3t>). 
£§r.Ei§r,_Wave_Generator
Carrier-wave frequency control is achieved using the 
integrated circuit Cl.C.) block (1), operated in the astable 
mode, as follows.
An alternating rectangular waveform voltage is generated 
by Cl) s which consists of an I.C. linear timer connected in its 
astable mode of operation; the mark/space ratio and frequency 
control is achieved by potentiometer 02) and capacitor (3). 
Since this device cannot be made to operate with a mark/space 
ratio of one, its output voltage is fed into the bistable I.C. 
(4). The output voltage from (4), with a mark/space ratio 
of one, is fed via open-loop amplifier C5) to the non-inverting 
pulse amplififer C6) via the pulse sahping network (7). The 
output pulses from (6) supply terminal (2A) of the sampling 
switch and the control terminal of switch (A); which is one 
of four bi-directional CMOS switches contained in one I.C. 
package. The frequency of operation of switch (A) controls 
the frequency of the output ramp function voltage of integrator 
(8). The magnitude of the ramp function voltage of (8) is 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the input of amplifier (.12), the gain of. which is controlled 
by potentiometer (10) and the d.c. level of output voltage 
by potentiometer (11). The voltage from amplifier (12) supplies 
the input of amplifier (13) and input terminal of switch (B). 
The gain of amplifier (13) is controlled by potentiometer 
(14) and its output supplies the input terminal of switch 
(C). The outputs of switches (B) and (C) are connected 
together, the voltage at these common terminals providing 
the triangular carrier signal. The control voltage for 
switch (C) is derived from the output of open-loop amplifier 
(5), whereas the control voltage for switch (B) is supplied 
from the collector of pulse amplifier (15). The frequency 
of the triangular wave carrier therefore equals half the 
frequency of the output voltage from bistable (4) which in 
turn has a frequency equal to half the frequency of the 
astable (1).
Samp_ling_Pulse_Generator
This consists of a non-inverting pulse amplifier (16) 
whose input is obtained from the output of (5) via the pulse 
shaping network (17). The output from the pulse position 
modulator supplies terminal (1A) of the sampling rate switch. 
The output pulses from terminal (3A) of the sampling switch 
controls the operation of switch (D), which in turn determines 
the instants at which the modulating wave is sampled. The 
sample rate is therefore equal to the frequency of the bistable 
circuit (4) for the asymmetric mode and half the frequency 
of bistable (4) for the symmetric mode.
(iv)
Sara2le__arid_Hold_Cir cults
These consist of buffer amplifiers (18) supplied with 
a variable frequency, variable amplitude three phase 
modulating wave, from a laboratory three-phase sinewave 
generator. The outputs from (18) supplies capacitors (20) 
for the instants during which switches (D) are closed; 
this is the time duration for which a pulse from the 
sampling rate switch (3A) exists. The voltage across 
capacitor (20) supplies the input of buffer amplifier (21). 
The output from (21) is the regular sampled modulating wave 
which supplies terminals (IB), (1C) and (ID) of the sampling 
switch.
For asymmetric double-edge modulation, the frequency of 
operation of switch (D) is equal to twice the frequency of 
the triangular carrier wave, whereas for symmetrical double- 
edge modulation the frequency is equal to the frequency of 
the triangular carrier wave. The decrease in sampling 
frequency for the summetrical regular sampled mode is 
achieved by removing the output terminals (3A), of the 
sampling rate switch from (2A) to (1A). 
Comparators
These consist of operational amplifiers (22) supplied at 
(3) with the triangular carrier wave, and at (2B), (2C) and 
(2D) with the regular sampled modulating wave. The outputs 
of (22) are the pulse width modulated voltages (23), (24) 
and (25). The periods of the pulse-width-modulated voltages 
(23), (24) and (25) are proportional to the difference 
between the modulating voltages (2B), (2C) and (2D) and
(v)
the triangular carrier voltage (3). This was illustrated 
graphically in Chapter (3). The amplitudes of the 
fundamental components of the pulse-width-modulated voltages 
(23), (24) and (25) are only a function of the amplitude 
of the modulating voltages (2B), (2C) and (2D) since the 
amplitude of the carrier voltage (3) is maintained constant.
(vi)
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